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1. Introduction 
Graphite intercalation compounds (GICs), composed of alternating graphene and metal layers, have 
become a target of intense research due to the observation of superconductivity at temperatures as high as 
11.5 K in C6Ca [1]. Recently, it has become possible to fabricate bilayer graphene intercalation compounds 
composed of two graphene layers with a metal layer sandwiched between them. In this thesis, we report on 
novel bilayer graphene intercalation compounds C8KC8 and C8RbC8, and the metal-covered bilayer graphene 
intercalation compound CsxC8CsC8. Their electronic structures are investigated using angle-resolved 
photoemission spectroscopy (ARPES), and the potential for superconductivity similar to GICs is discussed.  
 
2. Sample Fabrication 
Bilayer graphene was fabricated by 
annealing a 6H-SiC(0001) single crystal at 
1500-1600°C under a 1.1 MPa argon 
atmosphere. Samples were characterized by 
low-energy electron diffraction (LEED), 
atomic force microscopy (AFM), and ARPES 
to determine the layer number and terrace 
size. By LEED, a (1x1) spot due to graphene 
was observed, in addition to a (1x1) spot 
originating from the SiC substrate, and a 
(6√3x6√3)R30° pattern corresponding to the 
carbon buffer layer between the substrate and 
first graphene sheet [Fig. 1(a)]. K, Rb, or Cs 
ions were deposited at base pressures better 
than 3 x 10-10 Torr. During deposition bilayer graphene samples were held at 90K in the case of K and Rb, 
and room temperature in the case of Cs. After deposition, a clear (2x2) pattern was observed for all samples, 
consistent with the creation of an intercalated layer similar to bulk alkali-metal GICs [Figs. 1(b-d)]. 
 
3. Electronic Structure of Intercalated Bilayer Graphene 
Figures 2(a-c) compare the Fermi surface of C8KC8, C8RbC8, and CsxC8CsC8. We find a large triangular 
surface around the graphene K point which corresponds to the π* band, heavily doped by electrons from the 
metal atoms. A similar triangular surface exists at the midpoint of the graphene K and Γ points, the K’ point. 
This is a replica of the π* band, folded into the smaller C8KC8 (C8RbC8, C8CsC8) Brillouin zone by the 
periodic potential of the intercalated atoms. From the Fermi surface area, we estimate the electron occupancy 
of the π* bands to be 0.7 e-, 0.40 e-, and 1.06 e- in C8KC8, C8RbC8, and CsxC8CsC8, respectively. The 
increase in π* band occupancy between K and Rb dopants agrees with the trend observed in alkali metal 
GICs. The large increase in CsxC8CsC8 is attributed to additional doping from the metal overlayer. 
At the K point, the Dirac point is shifted to 1.4 eV for C8KC8, 1.0 eV for C8RbC8, and 1.38 eV for 
CsxC8CsC8 [Fig. 2(d-f)]. In addition to this shift, we observe a band gap of 0.4 eV and in C8KC8 and 0.36 eV 
in C8RbC8. By contrast, the band gap observed in CsxC8CsC8 is about .12 eV. The addition of a metal 
overlayer may decrease the band gap and increase π* band degeneracy by reducing asymmetry caused by the 
underlying SiC substrate. 
At the Γ point of C8RbC8 and CsxC8CsC8 we clearly observe a free-electron-like band [Fig. 2(g-i)], 
consistent with the interlayer band found in some GICs. This band is not present in either pristine bilayer 
graphene or the bilayer graphene intercalation compound C6LiC6. The interlayer band is strongly associated 
with superconductivity in bulk GICs [2]. Consequently, its appearance here suggests the possibility of 
superconductivity in bilayer graphene intercalation compounds. The interlayer band occupancy is 0.53 e- in 
C8RbC8, and 0.46 e- in CsxC8CsC8. The total charge of 0.93 e- estimated from the Fermi surface of C8RbC8 is 
consistent with the expected 1 e- valence charge of the intercalated Rb atoms. 
Fig. 1: LEED images of (a) pristine bilayer graphene, (b) 
C8KC8, (c) C8RbC8, and (d) CsxC8CsC8. (e) Diagram of 
intercalated bilayer graphene on SiC. 
Strong electron-phonon coupling may enable superconductivity in GICs by a BCS-like mechanism [3]. 
Based on the renormalization of the π bands near EF, electron-phonon coupling was estimated in C8RbC8 and 
CsxC8CsC8 (Fig. 3). The coupling constant is anisotropic in both cases, similar to alkali metal deposited 
monolayer graphene [3] and bulk GICs [4]. In C8RbC8, the average coupling constant is λ=0.27, markedly 
larger than for Rb-doped monolayer 
graphene [4], which we attribute to 
increased ordering of the dopant atoms in 
C8RbC8. In CsxC8CsC8, the average 
coupling is λ=0.49, similar to bulk GICs. 
This indicates that CsxC8CsC8 may be able 
to sustain π band mediated 
superconductivity. The increase over 
C8RbC8 is attributed to the strong doping 
of the π bands, which creates conditions 
favorable to electron-phonon coupling. 
 
4. Conclusion 
I have studied K and Rb intercalated bilayer graphene, and Cs intercalated graphene with a metal 
overlayer using high-resolution ARPES. I have observed electron doping of the π bands by the intercalated 
metals. In C8RbC8 and CsxC8CsC8, I observe strong electron-phonon coupling and an interlayer band, which 
are correlated with superconductivity in GICs. As these features are not observed in doped monolayer 
graphene[4], we attribute them to the strong ordering of the intercalated atoms. Based on their observation, 
conclude that these materials may sustain superconductivity similar to bulk GICs.  
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Fig. 3: (a) Near EF ARPES band dispersion for CsxC8CsC8 in the K-
M direction. (b) Experimental ReΣ (red), fitted Eliashberg function 
(blue), and fitted ReΣ (dotted black) for CsxC8CsC8 in the K-M 
direction. (c) Graph of the anisotropy of the electron-phonon coupling 
(e.p.c) constant λ in various samples. [3-4] 
Fig. 2: (a-c) Fermi surface, (d-f) and band dispersion at the K point (π band) and (g-i) Γ point of C8KC8, C8RbC8, and 
CsxC8CsC8, respectively. In (a-c), the estimated Fermi surface is shown by the red traces. 
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Carbon based materials have consistently attracted the attention of physicists and chemists due to 
the great number of remarkable carbon allotropes. These include bulk graphite, composed of stacked 
sheets of honeycomb monolayer graphene, nanotubes, straw-shaped made of rolled graphene, 
fullerenes, ball-like carbon molecules, and diamond. By inserting foreign atoms or molecules between 
the layers of bulk graphite, it is possible to obtain a wide variety of materials known as graphite 
intercalation compounds (GICs).1,2 The foreign atoms in GICs are well organized, forming ordered 
layers between the graphene sheets. Through acceptor or donor doping from intercalated atoms, as well 
as the introduction of novel valence states, the intercalated layers are able to transform the electronic 
structure of graphite. This leads to the creation of new, exotic states, including magnetism3 and 
superconductivity.4–6 While the first superconducting GIC discovered,4 C8K, exhibited very low 
temperature superconductivity (TC < 300mK), more recent experiments have revealed TC over an order 
of magnitude higher in C6Ca and C6Yb, 11.5 K and 6.5 K respectively5. This has ignited significant 
new research into the origin of superconductivity in graphite intercalation compounds. 
At the same time as research on superconducting GICs has advanced5, experimental work has 
enabled the ready experimental isolation of monolayer graphene.7 This sheet-like material consists of a 
single two-dimensional layer of carbon atoms linked in a hexagonal network, enabling formation of a 
stable atomic-thickness crystal on a substrate. The existence of graphene has surprised scientists, as 
conventional theory suggested that such a 2D material is impossible8. Graphene’s geometry conveys to 
it outstanding physical properties, most notably its massless Dirac Fermions.9 These charge carriers 
travel ballistically in graphene, moving at thousands of times the speed of electrons in silicon for mean 
scattering distances of several µm,10 even at room temperature.  Recently, it has been proposed that it 
may be possible to synthesize GICs at their two-dimensional limit by creating intercalated bilayer 
graphene, where foreign atoms are adsorbed onto graphene with an well-ordered superstructure.11–14 
Such a material has been predicted to exhibit superconductivity, providing a prototype for 
superconductivity in a physically two-dimensional system. This two-dimensional system may also host 
other novel properties such as charge or spin density waves. 
In order to elucidate these possibility in intercalated bilayer graphene, in this thesis we have 
fabricated a series of alkali metal intercalated bilayer graphene compounds by using high-quality 
bilayer graphene grown on wide-gap semiconductor SiC(0001).  These materials are characterized by 
performing low-energy electron diffraction and high-resolution angle-resolved photoemission 
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spectroscopy. In particular we focus on the electronic structure in the vicinity of Fermi level, which is 
responsible for the control of various physical properties. 
1.2. Graphite Intercalation Compounds 
1.2.1. Physical Properties 
Bulk graphite is composed of a stack of graphene sheets weakly bonded by van deer Waals 
forces. These sheets contain a honeycomb lattice of carbon atoms that form sp2 bonds to their nearest 
in-plane neighbors with a C-C spacing of 1.42 Å. Each sheet is separated from the sheets above and 
below it a distance of 3.35 Å (Ref. 2). Several different stacking configurations are possible in graphite 
(Fig 1.1). The most common is ABA “Bernal” stacking.1 On the other hands, ABCA “rhombohedral” 
graphite may occur, although this phase is unstable at higher temperatures and rapidly decays to ABA 
stacking when annealed.2 
With the addition of foreign elements, graphite intercalation compounds exhibit a wide variety of 
crystal structures. Because of the layered nature of GICs, the in-plane and out-of-plane configurations 
can generally be considered independently. Common ordered structures of intercalated atoms in Group 
I and Group II metal GICs are shown in Figure 1.1. In-plane, intercalated atoms generally reside above 
the honeycomb “hole”, the graphene H site.2,15 The most intercalated pattern is typically a (2 x 2) 
Figure 1.1: (a-c) Cystral structure, (d-f) unit cell, (g-i) and Brillouin zone of (a,d,g) Bernal graphite, 
(b,e,h) C8X and (c,f,i) C6X. In the Brillouin zone illustrations the original graphite Brillouin zone is 
indicated by a dotted gray line, and the first Brillouin zone of the intercalation compound is shown in 
color. 
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structure for C8X GICs (X = K, Rb, Cs, etc.), or a (√3 x √3)R30° structure for C6X (X = Li, Ca, Yb, 
etc.) composition. This notation denotes the length and orientation of the GIC lattice vectors with 
respect to the graphene lattice vector. Intercalation has been reported to slightly alter the in-plane 
carbon-carbon distance in intercalated graphite.1,16 Carbon spacing is expanded proportio nal to the 
valence charge of the intercalated atoms, and inversely proportional to the stage number and 
intercalated atom’s ionic radius. 
Intercalation of foreign atoms between the graphene layers results in a shift of the graphene 
sheets to AA stacking configuration, so that the graphene sheets lie directly over each other. For the 
saturated structure, intercalated atoms are found at a different position relative to adjoining sheets at 
each consecutive layer. These positions are denoted α, β, γ, δ, for the C8X structure, and α, β, γ, for the 
C6X structure. The resulting stacking configuration is thus either AαAβAγAδ or AαBβCγ for C8X and 
C6X compounds, respectively.  For less dense structures the out-of-plane staging of the GIC, the 
alternating pattern of graphene and foreign atom layers varies2. The compounds C8X and C6X are 
referred to as stage I GICs [Figs. 1.1(a) and 1.1(b)]. In these materials, one graphene layer separates 
each intercalated layer. In stage II structures such as C16X and C12X each intercalated layer [of the 
same (2x2) or (√3x√3) structure] is separated by two graphene layers. This stacking pattern continues, 
such that for stage n GICs C8nX or C6nX each metal layer is separated from the next by n graphene 
sheets.  In the case of high-stage GICs, the stacking of the un-intercalated layers remains A-B.  
Interlayer distances vary greatly among graphite intercalation compounds. The c-axis C-C separation, 
or interlayer “sandwich” thickness ranges from as little as 3.71 Å for C6Li to as high as 5.84 Å for 
C8Cs. This separation is roughly correlated with the ionic radius of the atom, with larger atoms causing 
a greater expansion of the graphene sheets.  In higher stage compounds the interlayer distance is nearly 
the same as for pristine graphite for interlayer spaces without a dopant layer. For the interlayer spaces 
of high stage GICs that contain intercalated atoms, distances are generally slightly larger than in related 
stage I compounds.1 
1.2.2. Electronic Properties 
The valence band structure of graphite is dominated by the σ, π, and π* bands17,18 (Fig. 1.2). The 
σ bands are formed by a combination of the in-plane s, px, and py orbitals, and are most sensitive to the 
in-plane bonds between carbon atoms. The bonding π bands and anti-bonding π* bands are formed 
from the out-of-plane pz orbitals.19,20 Consequently, the parabolic π and π* bands have strong kz 
dependence by interlayer hopping, and slightly overlap at Fermi level to form an electron pocket at the 
K point and a hole pocket at the H points. These bands result in the semi-metallic character of bulk 
graphite.  Examining the charge distribution of graphite’s wave-functions using first-principles 
techniques confirms the relative in-plane or out-of-plane character of these bands18.  In Figure 1.3, the 
charge densities of individual wave functions are shown [Fig. 1.3(a-e)] as well as the total graphite 
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charge density [Fig. 1.3(f)]. The σ bands are 
clearly localized near the graphene sheet and 
disperse in-plane, linking adjacent graphene 
atoms. Meanwhile, the π bands accumulated 
charge in perpendicular orbits to the 
graphene sheets. The difference between the 
bonding π and anti-bonding π* states is also 
apparent. The π orbitals of adjacent graphene 
sites are strongly mixed, while the π* orbitals 
remain clearly distinct.  In addition to the π 
and σ bands, Bernal graphite possesses an 
interesting unoccupied state several eV above 
the Fermi level at the Γ point.21,22 This band 
is known as the interlayer band due its unique 
charge distribution between graphene sheets, 
which increases strongly away from the 
carbon atoms, reaching a maximum at the 
center of the inter-sheet space to [Fig. 1.3(e)].  
In k-space, this interlayer band exhibits highly dispersive parabolic shape in both the kx/ky and kz 
directions, consistent with a 3D free-electron-like band. The existence of the interlayer band has been 
confirmed by a variety of experimental techniques, and it has been suggested that the interlayer band 
may be an example of an image potential state. 23,24 While the interlayer state is not important to the 
behavior of pristine graphite, it is believed to play an important role in bulk GIC superconductivity. 
The electronic structure of GICs varies significantly from that of pristine graphite.  In donor-type 
metal GICs intercalation typically results in, a chemical potential shift due to doping from the 
intercalated atoms, a reshaping of the π bands near the Fermi level, band folding due to the periodic 
potential of the intercalated superstructure, and the creation of the interlayer band below Fermi level at 
the Brillouin zone center1. These effects depend strongly on the species of metal intercalated, and the 
resulting crystal structure.  The chemical potential shift observed in metal GICs is caused by charge 
transfer from the metal atoms to the graphene lattice.1,12,25 This shift greatly increases the size of the π* 
Fermi surface, which often takes on a triangular shape.21,26–28 The total charge transfer to the π band 
varies depending on the ionic valence and ionic radius of the intercalant.21,29 Larger atoms typically 
result in less charge transfer to the graphene sheets, as more electrons are localized near the intercalated 
layer.  Away from the Fermi level the π and σ bands are shifted semi-rigidly, as can be seen by 
comparing the band structure of C8K and C6Li (Fig. 1.4) with bulk graphite (Fig. 1.2)30.  
Figure 1.2: The band dispersion of (a) A-B 
stacked graphite and (b) monolayer graphene 
determined by first-principles calculations.18,135 
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In addition to a chemical potential 
shift, the intercalation process also 
significantly alters the K point dispersion in 
bulk GICs. In bulk graphite the parabolic π 
and two π* bands overlap at both the K and 
H points, creating either a hole or an 
electron pocket19,20,31 (Fig. 1.2). The 
insertion of a metal layer between the 
graphene sheets suppresses interlayer 
interaction between A and B sites on 
adjacent layers, and reorients the sheets to 
vertically symmetric A-A stacking.  This 
significantly reduces the energy degeneracy 
between the A and B sites, leading to a 
nearly-linear (Dirac-cone-like) dispersion at 
the X point26,30 (Fig. 1.4). The resulting 
bands are only weakly dispersive in the kz 
direction, and are considered approximately 
two-dimensional in nature.32 This is 
reflected to the electronic transport features 
in bulk GICs that reveal the resistance of the 
samples is highly anisotropic, with much greater conductivity parallel to the graphene sheets.33,34 In 
some GICs, it has been reported that the band gap between the π and π* bands is predicted to derive 
from either A-B asymmetry due to the electronic potential of the metal super lattice, or from and 
expansion of the carbon C-C bonds. Folding structure of graphite derived bands is also formed in GICs 
due to the superstructure of the intercalated adatoms1. The periodic potential of the atoms reflects the 
Bloch wave function of the graphene, creating replicas of the graphite π, π*, and σ bands in the new 
(2x2) or (√3x√3)R30° cell. For the 2x2 superstructure, bands are folded from the K point to the 
midpoint of the graphite Γ-K line [Fig. 1.1(h)]. In the √3x√3 case, bands are folded from the K point to 
the Γ point [Fig. 1.1(i)].11,35,36 This folding structure can also be clearly seen in the calculated band 
structure for KC8 (Fig. 1.4) or LiC6 (Fig. 1.4). While band folding is theoretically predicted, 
experimental studies of bulk GICs have often failed to observe these structures.26,28,30 This may be due 
to disorder of the intercalated atoms at the GIC surface, which results in an irregular potential that does 
create a clear reflection of the electron wave function. In this case, the folded bands are smeared across 
the Brillion zone, and cannot be observed by ARPES. Conversely, the presence of folded bands in an 
experimentally synthesized sample is strong evidence of good ordering in high-quality samples.  
Figure 1.3: Charge-density distribution maps along 
the c-axis in A-B graphite for the Γ point dispersion of 
the (a) s orbit σ, (b) px and py orbital σ, (c) pz orbital π, 
(d) pz orbital π*, and (e) interlayer wave functions. The 
total charge distribution (f) is also shown 18. 
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An interlayer band is 
found in some GICs, which 
forms a low energy electron 
pocket with free-electron-like 
dispersion at the Γ point (Fig. 
1.4).21,25,37,38 This band is 
believed to result from a 
complex hybridization of the 
unoccupied free-electron-like 
interlayer band in graphite 
with the valence s-orbitals of 
the intercalated ions.1,2 Due to 
its relation to the metal 
valence states, the interlayer 
band is 3-dimensional and 
highly anisotropic in the kz 
direction, reaching a 
minimum binding energy at 
the A point, and a maximum 
at the Γ point (Fig. 1.4).21,35 The 3D nature of the interlayer electronic state reduces the transport 
anisotropy in GICs relative to graphite. Pristine graphite exhibits an in-plane to out-of-plane 
conductivity ratio (σa/σc) of ~3.0 x 103, indicating an extreme preference for conductance along the 
graphene sheets. In contrast, in stage I GICs such as C8K, this ratio (σa/σc) is only 56. Despite a 
consistent theoretical backing,21,35,36,39,40 direct observation the interlayer band by ARPES has only 
been achieved for C6Ca (Refs. 25,28,30,38). Similar to the experimental non-observation of the folded 
p bands, the absence of an interlayer band in ARPES data may be explained by disorder of the 
intercalated atoms. As the interlayer band relies strongly on both z-axis and intercalated atom order, 
disruption of either of these may smear the band, making it impossible to observe by ARPES.41 It is 
worth noting that the interlayer band is also strongly related to the presence of superconductivity in 
GICs.21 This point is discussed in more detail below.  
The charge balance defined as the number of electrons occupying either the interlayer between 
the IL band and the π* bands is a characteristic feature of GICs. As already mentioned, the doping of 
the π and π* bands is strongly related to the interlayer separation.27,42 In ARPES studies of alkali metal 
GICs, it has been noted that as the occupation of the π bands increases, the occupation of the interlayer 
band decreases commensurately. This change in the relative doping has been measured across the K, 
Rb, Cs series, and it has been found that occupation of the π bands decreases with increasing 
Figure 1.4: Calculated band structure of (a) C6Li,36 and (b) C8K.40 
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intercalated atom size. Similarly, first principles studies have demonstrated that the occupation of the 
π* bands decreases with increasing interlayer distance in Li-absorbed monolayer graphene.29 This trend 
holds for various other GICs which have been studied using first principles.21 As occupancy of the 
interlayer band is related to the emergence of superconductivity,21,43 the charge balance is important to 
understanding GIC behavior. 
1.3. Graphene 
In 2010, the Nobel Prize in Physics was awarded to Andre Geim and Konstantin Novoselov for 
the experimental realization of monolayer graphene, a single monolayer of graphite.8 Graphene 
exhibits a host of surprising properties such as an anomalous integer quantum hall state, ballistic 
electron transport, and remarkable physical strength.9,44 Of particular interest to the present research, 
graphene also provides a route for producing a two-dimensional ultra-thin GIC. By using bilayer or 
monolayer graphene, it may be possible to synthesize alkali metal GICs at their two-dimensional limit, 
small stacks of single graphene and metal sheets. These graphene related materials have been predicted 
to exhibit unique electrical properties,45 and superconductivity at higher TC than their bulk 
counterparts.11,12 
1.3.1. Physical Properties 
The structure of monolayer graphene is virtually identical to that of graphene sheets in bulk 
graphite. Each carbon atoms in the lattice is separated from its nearest neighbors by a distance of 
approximately 1.42 Å. When stacked to form graphene bilayers or trilayers, graphene sheets exhibit an 
average layer separation of 3.35 Å, analogous to the stacked sheets in graphite.1 The most stable 
stacking configuration is AB, so bilayers will typically be AB, trilayers ABA, etc. 
Mechanically, graphene is extremely strong due to covalent carbon-carbon bonding.  Previous 
measurements made by performing indentation tests with an atomic force microscope have revealed a 
Young’s modulus of E = 1.0 TPa, larger than steel (200 GPa) and tungsten (400 GPa), and comparable 
to diamond (~ 1.0TPa).46 Graphene’s thermal conductivity has also been reported as 4.84 – 5.30 x 103 
W/mK, larger than carbon nano-tubes, artificial and natural diamond, and copper.47 
1.3.2. Electronic Properties 
Similar to bulk graphite, the electrons in graphene form sp2 bonds with neighboring carbon atoms, 
hybridizing as σ orbitals between adjacent sites, as well as π orbitals oriented perpendicular to the 
graphene plane. The valence band dispersion of the π and σ bands is similar to that of graphite. 
However, there are several notable changes in the case of monolayer graphene. Firstly, the removal of 
the adjoining sheets leads to the disappearance of non-degenerate σ and π bands, as the observed 
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splitting is typically due to interlayer interactions. Furthermore, because of this lack of interlayer 
interaction, no band dispersion is exhibited along the kz direction.48 
As the number of graphene sheets increases, the π and π* bands at the graphene K point are 
dramatically altered due to the interlayer interaction between graphene layers.  In monolayer graphene, 
the π and π* bands exhibit nearly-linear behavior, forming a Dirac cone centered at the Fermi 
energy9,44,49 [Fig. 1.2(b)]. This unique electronic state results in a variety of interesting phenomena 
including an anomalous quantum hall effect,50 large minimum conductivity,51 and ballistic carrier 
transport.44 At the K point, the dispersion of energy bands close to the Fermi energy can be 
approximated by E(k)=±ℏvFk, where k is the wave vector measured radially from the K point in the x-
y momentum space52. These electronic states can be described as Dirac fermions, so named because 
their motion is described as massless quasi-particles derived from the relativistic Dirac equation, rather 
than as massive electrons under the standard quantum Schrödinger equation. This is most readily 
observed from their linear E-k relationship, which resembles that of massless particles such as photons.  
At higher energies graphene’s Dirac cone becomes triangular (rather than circular) in the kx-ky plane. 
Under the tight-binding model, the degree of triangular warping is directly linked to the A-A coupling 
between atoms on adjacent graphene layers.18 In doped graphene it has been noted that this effect is 
dependent on the dopant atom species, and subsequently attributed to the effects of the electric field 
created by absorbed atoms on the graphene sheet.30,53,54 The Dirac cone state in graphene has been 
found to be surprisingly robust experimentally, and has been confirmed by a variety of experiments 
including I-V transport measurements, and angle-resolved photoemission studies.49,55 In practical 
scenarios, it has been discovered that doping significantly alters the ideally linear dispersion of 
graphene.56–59 Electron-electron interactions, which become stronger with increasing carrier density, 
Figure 1.5: ARPES spectra of (a) monolayer and (b) bilayer 
graphene on SiC. 
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renormalize the Dirac cone, markedly reducing the carrier velocity at the Fermi energy.58 The 
observation of strong plasmons and phonons (addressed in detail below) has also been reported in 
doped monolayer graphene.56,57,60,61 In combination, these effects can result in decidedly non-linear 
behavior, reinforcing the necessity of further examining graphene’s electronic structure experimentally. 
1.3.3. Stacking Dependence 
The stacking of additional layers is quite significant for the electronic structure of graphene, 
leading to an evolution of the electronic structure between monolayer graphene and bulk graphite. The 
π band is especially sensitive to these changes, as in real space it disperses perpendicular to the 
graphene sheet.24 Figure 1.5 shows ARPES data for monolayer and bilayer graphene.  The addition of a 
second layer results in the splitting of the π band into two separate parabolic bands.52 These bands 
exhibit a field-dependent band gap, and can be split by the application of a potential perpendicular to 
the graphene layers. Because the stacking places the A and B sites of adjacent layers above one another, 
the application of a perpendicular field creates an asymmetric potential between the A and B sites that 
opens a gap at the Dirac point.52,62,63 This makes bilayer graphene unique for use in devices, as it 
enables metal/semiconductor transition.64 Various methods have been examined in order to exploit this 
band gap opening. The two most popular thus far, have been doping and FET gating.65 For experiments 
on doped bilayer graphene the gap opening is scientifically useful, as it can be used to measure 
interlayer asymmetry correlated with the degree of doping.66,67 Gap opening in monolayer or bilayer 
graphene can also originate from in-plane sufficiently long range carbon A-B sublattice asymmetry, 
such as for monolayer graphene on SiC.52,62,65 Adding additional layers to the graphene stack results in 
further splitting of the π band due to the interlayer interaction.48,63,64,68,69 As the layer number 
approaches infinity the energy of the various bands gradually converge, forming the 2 bands visible at 
the K point in bulk graphite.31,69 Calculations indicate that stacking order also plays a role in this band 
evolution, as is seen by the band structures for three and four layer graphene.48 
1.3.4. Graphene Synthesis and Substrate Effects 
At present, three general methods exist for the production of graphene: exfoliation, chemical 
vapor deposition (CVD), and epitaxial growth on the wide-gap semiconductor silicon carbide.8,70,71 All 
of these have various advantages and disadvantages, which must be carefully weighed when 
performing an experiment. Each method makes some tradeoffs on either grain size, electronic 
interaction with the substrate, or stacking order, in order to obtain superior performance in other 
categories. A brief summary of these methods is given below. 
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1.3.4.1 Exfoliation from Graphite 
Monolayer graphene was first isolated by Geim and Novoselov using mechanical exfoliation, 
also known as the “Scotch-tape-method”. In this technique, adhesive tape (“Scotch tape”) is applied to 
the surface of a high-quality single crystalline graphite such as natural or kish graphite, then 
removed.7,72 Small crystals of few-layer graphene remain attached to the adhesive tape. The tape is then 
pressed onto an insulating substrate (such as SiO2), where it deposits some of these graphene flakes of 
various layer number. After transferring, individual graphene crystals can then be identified using a 
combination of optical microscopy and atomic-force microscopy (AFM).7 This technique is capable of 
producing high quality, fairly large single crystals on a wide variety of substrates. However, the overall 
sample size is often less than a few mm, and it is both time consuming and difficult to produce crystals 
of a specific layer number.  Mechanical cleavage has become less popular as more consistent 
techniques have been developed. 
1.3.4.2 Chemical Vapor Deposition 
Chemical vapor deposition (CVD) can be used to grow large graphene samples of arbitrary size 
on a variety of metal (Ni, Cu, Ir) substrates. Metal substrates are heated temperatures between 500°C to 
1000°C under UHV,71,73–75 then exposed to a hydrocarbon gas such as ethane (CH4) ethylene (C2H4) 
and propylene (C3H6). The metal acts as a catalyst, reducing the energy of the decomposition reaction, 
and cracking the gasses at the substrate surface. This results in the formation of graphene films on the 
metal surface, while the remaining hydrogen is liberated into the vacuum. The grain size of graphene 
grown by CVD can vary from several µm up to nearly one mm, depending on growth conditions.71 
Total sheet size is effectively limited only by substrate size, and sheets of 100cm scale have already 
been demonstrated. Graphene thickness can be controlled by limiting the time and temperature of the 
reaction.71 
Although the CVD method produces high quality graphene sheets, it is limited by strong 
substrate interactions and poor stacking order. Substrate interaction results in various effects such as 
carrier doping to the π bands,76–80 polarization of electrons,77,81 minigaps,78,79 and metallic valence and 
surface states.76–80 Some of these effects can be mitigated by the intercalation of additional elements at 
the interface between the graphene sheet and the substrate.81,82 Unfortunately, few-layer graphene 
grown by CVD also exhibits low out-of-plane rotational order, leading to unpredictable stacking 
structures75,83 that may result multiple Dirac cones due to decoupling of adjacent layers.83 This makes 
CVD-grown graphene unsuitable for experiments that require more than one graphene monolayer, as 
obtaining good quality bilayer or trilayer graphene can be exceptionally difficult. 
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1.3.4.3 Epitaxial Growth on Wide-gap Semiconductor Silicon Carbide 
Epitaxial graphene can also be grown by annealing silicon carbide (SiC). When is heated above 
~800°C, silicon atoms evaporate, and carbon atoms self-assemble into epitaxial graphitic 
sheets.67,70,84,85 In the SiC(0001) face, these sheets are aligned with the substrate, resulting in large 
graphene terraces. Annealing under argon gas has also been demonstrated to further increase crystal 
size, resulting in individual graphene crystals several µm in size.85 By varying the annealing time and 
temperature, it is possible to control the layer number to reliably grow monolayer, bilayer, trilayer, or 
thicker graphene samples. Graphene grown on SiC(0001) exhibits regular A-B stacking.  Considering 
to these results, we believe that graphene growth on SiC(0001) is an ideal fabrication method for 
studying multilayer graphene. 
However, graphene grown on SiC is electronically isolated from the underlying substrate by a 
carbon “buffer layer”. While this layer has an in-plane structure similar to regular graphene, it is 
partially covalently bonded to the SiC substrate. This leads to the disappearance of π band, and 
insulating behavior with no bands at the Fermi energy.68,86,87 This isolates the valence electronic 
structure of the overlying graphene from the buffer layer, effectively preserving the Dirac cone. 
However, the presence of unterminated, dangling bonds at the buffer layer/substrate interface results in 
slight electron doping.68 This leads to a chemical potential shift of 0.41 eV for monolayer, and 0.27 eV 
for bilayer graphene (Fig. 1.5). The SiC substrate also induces a band gap opening between the π and 
π* bands at the K point. The gap opening is also equal to 0.15 eV for monolayer graphene,64,68 and 
results from a structural carbon sublattice asymmetry caused by distortion of the buffer layer due to 
bonding with the substrate.87,88 The long-range distortion of the buffer layer relative to the substrate is 
evidenced by the presence of replica bands near the Dirac point60,68 and by the (6√3x6√3)R30 
superlattice periodic potential of the buffer structure.14,70 On the other hand, it is known that screening 
effect by the graphene layers leads to a decrease of the asymmetry effect with increasing layer 
number.68 
In the case of bilayer graphene on SiC, it has been reported that the aforementioned external 
electric field leads to additional enhancement of the energy gap52. For instance, the field created by the 
dangling bonds at the substrate/buffer layer interface creates an effective electric field between the top 
and bottom graphene layers that results in band gap opening.65,67,68,87,88 In that case, surface deposition 
of potassium on bilayer graphene/SiC can lead to band gap closing. This result has demonstrated that 
the electron doping of the bottom graphene layer by the substrate is can be compensated by electron 
doping from potassium to the top layer.64,67 Recently, hydrogen termination of the dangling bands has 
also been demonstrated for the suppression of electron doping from substrate or interface.89 
Despite the charge transfer and the presence of a small band gap in graphene grown on 
SiC(0001), SiC remains a useful substrate for graphene experiments.  The effects from the substrate are 
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smaller than those of metal substrates, especially near the Fermi level, and the advantage of larger 
terrace sizes and superior stacking order84,85 makes it particularly attractive (over CVD-grown samples) 
for experiments involving multi-layer graphene systems. 
1.4. Superconductivity in Graphite and Few-Layer Graphene 
Intercalation Compounds 
Superconductivity in GICs was first reported in the alkali metal series, C8K, C8Rb, and C8Cs.4,6,90 
These compounds undergo a low temperature transition, observed by a sharp change in magnetic 
susceptibility4,6 at TC of 0.55 K, 0.151 K, and 0.135 K in C8K, C8Rb, and C8Cs, respectively. More 
recently, it was discovered that C6Ca and C6Yb become superconducting at appreciably higher 
temperatures, 11.5 K and 6.5 K, 
respectively (Fig. 1.6).5 A great deal 
of study has been dedicated to 
explaining superconductivity in GICs, 
as these compounds represent an 
interesting class of highly two-
dimensional layered materials where 
none of the component layers exhibit 
native superconductivity. Furthermore, 
GICs display a wide range of 
transition temperatures spanning two 
orders of magnitude.4–6 
In this section, theoretical and 
experimental work focused on GIC superconductivity is reviewed.  In particularly, recent high-
resolution angle resolved photoemission studies of electron-phonon coupling in both graphene and 
GICs are summarized. Electron-phonon coupling play an important as a mediating force in Cooper 
pairs described BCS theory, and is expected to be a critical element in GIC superconductivity.  
1.4.1. Superconductivity in Graphite Intercalation Compounds 
Since the discovery of superconductivity in GICs, extensive research has been carried out to 
probe the nature of the superconducting state. Due to their unique layered structure, the role of both the 
graphene sheets and the dopant atoms in facilitating superconductivity is of specific interest. 
Competing theories have debated whether the graphene sheets or the dopant layers play a dominant 
Figure 1.6: Magnetization measurements for (a) C6Yb and 
(b) C6Ca, demonstrating flux expulsion due to the 
superconducting transition. Both compounds exhibit 
superconductivity in both the field-cooled and zero-field-
cooled cases.5 
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role. Additionally, as neither the metal nor carbon layers exhibit native superconductivity a complete 
discussion of GIC superconductivity must address the interaction between the two component layers. 
A large body of work has suggested that it may be possible to explain GIC superconductivity by 
BCS (Bardeen-Cooper-Schrieffer) theory.5,11,91–93 Under the BCS paradigm, superconductivity is 
enabled by the formation of electron pairs bound by an attractive force, which act as charge carriers in 
the superconducting state.94 Although the possibility of plasmons and other excitonic mediators have 
been suggested as the glue of Cooper pairs,95–97 it is generally understood that strong electron-phonon 
coupling is the most likely pairing mechanism in GICs.21,92,98,99 The transition temperature in strongly 





1.04 1+ λ( )
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Using the McMillian equation, the transition temperature of GICs can be estimated from either 
theoretical calculation or experimental measurement of their electron-phonon coupling constant and 
their Debye temperature. As the Debye temperature does not vary much within a single class of 
materials,53 the total strength of electron-phonon coupling, and potential for superconductivity is most 
easily judged from λ.  
Recently, angle-resolved photoemission spectroscopy (ARPES) has emerged as a powerful tool 
for studying superconductivity in GICs by experimentally determining λ. In materials with strong 
electron-phonon coupling the interaction of the photohole with phonons is observed by the strong mass 
renormalization of the band dispersion near the Fermi level, referred to as the “ kink” structure. Recent 
progress in high-resolution equipment has made it possible to measure this kink in detail and extract 
complete information about α2F including the energy of the photon modes, their strength, and the 
electron-phonon coupling constant λ.57,101–103 This method has been extensively used to investigate the 
superconductivity in high-TC cuprates,104–106 and has recently applied to GICs.26,28,41 The details of this 
procedure are described in Chapter 2.  
The phonon spectra in alkali and alkali earth metal intercalated GICs is theorized to consist of 
four primary vibrations: Cxy, Cz, and Mxy (for some intercalant M) (Fig. 1.7). Cxy modes are typically 
predicted to have energies of 150-200 meV, CZ modes of 50-100meV, and Mxy (and Mz) modes of 0-50 
meV.11,92,107,108 The primary debate in GIC superconductivity research remains which of these phonon 
modes is most active in GIC superconductivity, and how these modes interact with the GIC electronic 
structure to produce strong electron-phonon coupling. Differing works have argued that 
superconductivity may be explained by either interactions exclusively at the carbon π bands,26,28 or by  
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coupling with the interlayer band.38,92,107 
Furthermore, several ARPES studies have 
identified graphene phonons as the primary 
contributor to λ,26,28,41 while isotope effect 
experiments and theoretical calculations indicate 
that intercalated atom modes should play a larger 
role.91,107,109 This uncertainty fueled the 
continuing controversy over the mechanism for 
superconductivity in GICs. 
The studies of superconductivity driven by 
electron-phonon coupling at the graphene π 
bands have recently been reported for 
superconducting GICs studied using high-
resolution ARPES.101,102 These have found 
strong, anisotropic electron-phonon coupling has 
been found in a variety of GICs.26,28,38,41 The 
observed electron-phonon coupling is stronger in K-M (corner) than in the K-Γ (side) direction, and 
varies from λ=0.25 to λ=0.6 in C8K, and λ=0.25 to λ=0.45 in C6Li,26 to λ=0.38 and λ=0.89 in C6Ca (Fig. 
1.8).28 Strong electron-phonon coupling from λ=0.1 to λ=0.9 has also been reported for C8K by a 
different group.41 The electron-phonon interaction in these works was attributed primarily to 
graphene’s in-plane optical phonon modes (TO and LO), due to the good agreement of the energy of 
the observed kink with both experiment and theory.110,111 The anisotropy in these materials is 
particularly important, as it leads to a large enhancement of total coupling. Several possible 
explanations have been suggested for the increase in coupling in the K-M direction, including the 
possibility of Fermi surface nesting,28 or an increase in scattering rate due to the reduced k-vector 
between adjacent Dirac cones in the K-M direction.28,41 Based on the electron-phonon coupling 
measured by ARPES,94,100 the transition temperature estimated by applying the McMillian equation is 
similar to that observed from resistivity and magnetization measurements. This indicates that the 
superconductivity may be driven solely by the action of in-plane graphene phonons at the graphene π 
bands. In this scenario, the intercalated atoms act primarily as electron donors, which dope the 
graphene π bands by electron transfer. This result is thus strongly supportive of carbon-dominated 
superconductivity in GICs.  
However, both theoretical and experimental results indicate that doping alone is likely 
insufficient to explain GIC superconductivity. C6Li, for example, exhibits no superconductivity despite 
having higher doping than the superconducting alkali GICs (C8K, C8Rb, C8Cs). First principles work 
notes that in pristine graphite electron-phonon coupling should be fairly weak.20,31 Even when heavily 
Figure 1.7: (a) Eliashberg function (α2F) for C6Ca 
based on first-principles calculations. Three 
distinct modes are visible. (b) Decomposition of C 
and (e) Ca derived phonon density of states. 
Based on this separation, it is apparent that the 
three modes in C6Ca can be roughly attributed to 
the Caxy, Cz, and Cxy vibrations.92  
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doped by electrons (such as in C6Ca or C8K) the electron-phonon coupling of graphite is not predicted 
e xceed λ=0.3.112 Furthermore, these simulations predict no anisotropy of the electron-phonon coupling. 
Experimental work has also demonstrated no doping dependence on TC for the series CxK for x= 8, 16, 
24. While varying the metal concentration, no change in TC is observed between C8K and C14.7K. 
However, superconductivity is found to disappear abruptly at crossover over from C14.7K to C16.7K, 
coinciding with the transition from stage I (one metal layer/graphene layer) to stage II (one metal 
layer/two graphene layers) composition113. This suggests that the exact structure of the GIC is critical, 
and that while high doping may be favorable to superconductivity, by itself it is insufficient to control 
superconductivity. In particular, the superconducting transition temperature is shown to depend 
strongly on the stacking of intercalated atoms.  
Given the difficulty of explaining superconductivity solely in terms of electron-doped π bands, 
many theoretical works have suggested that the free-electron-like dopant-related interlayer band is a 
significant factor in superconductivity.21,25,43,91,98,107,114,115 It has been demonstrated using first-
principles calculations that only GIC compounds for which the interlayer band is occupied exhibit 
superconductivity21 (Fig. 1.9). This is consistent with the absence of superconductivity in highly-doped 
C6Li, which lacks an occupied interlayer band. It also correctly predicts the emergence of 
superconductivity in C3Li and C2Li, in which the interlayer state becomes occupied under high 
pressure.21 This result also accounts for the absence of superconductivity in stage II GICs, where the 
interlayer band is unoccupied.12 Furthermore, ARPES studies have revealed a Fermi surface-dependent 
superconducting gap wherein the Fermi edge shift of the interlayer band at TC exceeds that of the π 
bands, indicating the formation of 
Cooper pairs at the interlayer state.25  
To further elucidate the strong 
link between the interlayer band and 
superconductivity, several studies 
have examined its interaction with 
graphene phonons in detail.  
Principally, the presence of the 
interlayer band allows for the 
activation of dopant-related phonon 
modes due to selection rules 
governing the scattering of photo-
holes.108 Electron-phonon coupling 
with the Cxy mode may result from 
intraband scattering between π* 
Figure 1.8: (a) Fermi surface, (b) Dirac cone, (c) real and 
imaginary part of self-energy for ϕ=17° (black, red), and 
imaginary part of self energy for ϕ=25° (blue). (d) Real part of 
self energy for ϕ=7°, 28°, 58° (bottom to top). (e) Peak 
coupling energy (red) and electron-phonon coupling constant 
(blue) as a function of Fermi surface angle.28 
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states, while Cz coupling should occur 
only from interband scattering 
between the π* and interlayer bands. 
This means that a large decrease in 
total electron-phonon coupling would 
be expected in compounds without an 
interlayer band, as the phonon 
contribution of the CZ modes is 
suppressed. This is relationship has 
been demonstrated by a recent high-
resolution study of bulk C6Ca which 
measures in-plane and out-of-plane 
phonons at both the interlayer and π 
bands. This study finds a total 
coupling of λ=0.44 at the graphene π bands due to two separate modes.38 These modes are identified as 
the Cxy and Cz phonon based on the good agreement of its energy with first-principles calculations.92 
The graphene-in-plane phonon is responsible for λ=0.2, while the out-of-plane phonon leads to λ=0.24. 
Phonon coupling of the Cz mode to the interlayer band is also confirmed with a matching interaction 
strength of λ=0.22. Based on this result coupling of the CZ phonon through scattering between the 
interlayer and π* bands is found to enhance λ by roughly 100%, underscoring the importance of the 
interlayer band in enabling superconductivity. Isotope effect experiments, in combination with first-
principles work, have presented a further possibility or GIC superconductivity, suggesting that it is 
driven primarily by a combination of CZ and MZ phonons. By examining the isotope effect of the 
intercalated atom, these works estimates the contribution of metal phonons to the λ. Total isotope 
effects between α(Ca)=0.24, corresponding to a roughly 50% contribution to e-ph coupling,115 and 
α(Ca)=0.85, corresponding to nearly 100% contribution,107 have been reported. Experimentally, C6Ca 
has been found to have an isotope-effect of α(Ca)=0.54.109 In all of these cases, the contribution of Cxy 
phonons predicted to be small, as even in cases with a similar phonon density of states the lower energy 
of the Cz and Mxy to a greater contribution λ.92,107,108,116,117 Unfortunately, the small energy of the 
intercalated atom-derived phonons also makes them very difficult to examine by ARPES. Because of 
this, it is difficult to fully rectify these results with experiments that have suggested that Cxy electron-
phonon coupling plays a dominant role.26,28,41  
Despite the extensive research conducted up to this point, the precise mechanism for strong 
electron-phonon coupling in GICs remains unclear. Principally, it is still necessary to determine the 
contribution of both dopant and graphene-related phonons to superconductivity, and the role of the 
Figure 1.9: Scatter plot of the minimum interlayer band 
energy and c-axis lattice constant, determined by first-
principles, for a variety of graphite-intercalation compounds. 
Notably, only those compounds with an occupied interlayer 
band exhibit superconductivity.21 
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interlayer band in mediating coupling.38,91,92 Furthermore, an explanation for the strong enhancement of 
graphene’s in-plane phonon mode observed in GICs, and for the strong anisotropy remains to be 
found26,28,41,112. A more complete understanding of both these effects is necessary since their effect on 
the total electron-phonon coupling is critical to superconductivity.  
1.4.2. Superconductivity in Few Layer and Monolayer Graphene 
As superconductivity in bulk GICs is an anisotropic two-dimensional feature, research has 
naturally expanded to address the possibility of superconductivity in graphene11–13,118. The study of 
monolayer GICs represents not only an opportunity to gain new insight into coupling in bulk GICs, but 
also a chance to realize superconductivity in the thinnest limit of the system.  Actually, it has been 
predicted that monolayer C6Li may become superconducting at the appreciable temperature of 8.1K, 
although bulk C6Li is not superconducting.11,12 Therefore, the change of geometry due to varying 
distances between the dopant ions and graphene sheets may also enhance superconductivity. In order to 
search for superconductivity in graphene, extensive research has been undertaken.  
Superconductivity has already been realized in few-layer graphene samples. Calcium-doped 
multi-layer graphene with a thickness of 10-50 layers has been reported to have a TC as high as 7K.118 
While smaller the bulk transition temperature (11.5K),5 this never the less confirms the possibility of 
superconductivity in few-layer samples. Furthermore, K-doped few layer graphene with thickness less 
than 10 layers (average 4 layers) shows a sharp change in magnetic susceptibility at 4.5K119 (Fig. 1.10), 
clear evidence of a superconducting transition. This is particularly exciting, as it represents a sizeable 
enhancement of TC compared to bulk C8K (TC=0.39K),4 confirming that the synthesis of ultrathin 
intercalation compounds may be a viable route for enhancing superconductivity.  
 In contrast to several novel explanations such as the chiral120,121 and plasmon122 pairing for 
superconductivity in monolayer and bilayer graphene, the phonon-based mechanism has received 
significantly more attention due to the precedent set by bulk GICs.11,123 First principles calculations 
have predict enhanced TC in some monolayer GICs 
attributed to changes in the occupation of the 
interlayer band and a softening of the phonon 
frequencies.12,124 As shown in Figure 1.11, the 
interlayer band in monolayer C6Li is shifted below 
the Fermi level, activating coupling with the CZ 
phonons and significantly enhancing the activity of 
lithium-related vibrations. However, monolayer 
C6Ca explored using the same methodology is 
predicted to be inferior to its bulk counterpart. For 
Figure 1.10: Magnetization measurements for 
K-doped few layer graphene, demonstrating a 
clear superconducting transition below 4.5K.119 
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the monolayer the interlayer wave function 
in C6Ca extends further from the graphene 
sheet, which decreases coupling to carbon 
modes and suppresses TC.124 Nevertheless, 
these studies clearly demonstrate the 
possibility for two-dimensional 
superconductivity in monolayer graphene, 
and have kindled interest in ultrathin GICs. 
However, experimental studies of 
alkali-metal absorbed monolayer graphene 
have so far struggled to realize strong-
electron-phonon coupling.  Several groups 
have reported the fabrication of potassium 
intercalation between monolayer graphene 
and Ir(111) substrate, and observed a kink 
structure by ARPES.  In pristine and K 
intercalated monolayer graphene/Ir(111), 
Haberer et al. found anisotropic coupling 
between λ=0.19 to λ=0.22,125 Bianchi et al  
isotropic c oupling with λ=0.28.126 Notably, 
however, neither folding due to the metal 
superstructure nor the interlayer band was reported, which may indicate relatively poor ordering of the 
dopants. While electron-phonon coupling is less than predicted for freestanding graphene with a metal 
superstructure,124 it is markedly higher than predicted for electron-doped graphene.112,127 This increase 
remains unexplained, although it may be due to substrate or adatom phonon modes.128 
 In order to analyze electron-phonon coupling in monolayer graphene in more detail, systematic 
ARPES study of monolayer graphene grown on Au-intercalated Ni (G/Au/Ni) was performed using a 
variety of dopants.53,82 As the Au atoms bond strongly to the underlying Ni, this system has the 
advantage of isolating the graphene electronically from the substrate, which minimizes the degree of 
phonon or band structure contamination by Ni and Au.82 Anisotropic coupling with stronger coupling 
in the K-M direction (Figure 1.12) was observed in various alkali and alkali earth metals dopant atoms 
(Li, Na, K, Rb, Cs, Ca). This coupling enhancement was attributed to the presence of an additional 
low-energy phonon mode observed only in the K-M direction.53,82 The coupling constant was reported 
to vary from λ=0.13 to λ=0.15 for C s, up to λ=0.25 to λ=0.40 for Ca. The energy of the low-energy 
phonon mode also varied substantially, from ~45meV in Ca, to ~90meV in Rb. Neither the low-energy 
peak position nor the electron phonon coupling constant λ showed a clear dependence on the π band 
Figure 1.11: (a) Eliashberg function (α2F) for bulk 
(black) and monolayer (red) C6Li. The electron-
phonon coupling (dotted lines) is markedly larger in 
the monolayer case. (b,c) Electronic band structure for 
monolayer and bulk C6Li. Notably, the Li-derived 
interlayer states (red) are occupied in the monolayer 
case.124 
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density of states, indicating a strong dependence on the intercalated atom species rather than the 
graphene electronic structure.53 Based on this, the low-energy mode was attributed to the dopant atoms. 
It was suggested by these studies that the suppression of coupling in monolayer graphene (compared to 
theory) might be due to the disorder of the dopant atoms, the absence of an interlayer state, or the 
possible interaction of the dopant atoms with the substrate in some cases.53  
Nevertheless, recent studies of Yb-intercalated monolayer graphene on SiC demonstrate the 
feasibility of strong coupling in graphene.129 Although a (√3 x √3) structure consistent with of bulk 
C6Yb and an interlayer band were not observed, experimental results demonstrated strong hybridization 
of the Yb f orbitals and p band, with electron-coupling of λ=0.43 at π* bands, compared to a 
theoretically calculated value of λ=0.51 for freestanding C6Yb. These results reflect the importance of 
strong Yb atom ordering in achieving high electron-phonon coupling.129 Notably, this coupling is 
attributed largely to the in-plane carbon phonon mode, rather than a low-energy Yb-related phonon. 
This suggests that the ordering of the intercalant may have a profound effect on the strength of non-
intercalant phonon modes.129 To further increase λ, the strict ordering of dopants appears to be a firm 
requirement.53,82 
Despite promising results exhibiting superconductivity in few layer graphene,118,119 and the 
realization of high coupling using Yb atoms,129 it still remains to be seen whether it is possible to 
achieve enhanced TC as predicted by calculations.124 Most studies of metal doped graphene have shown 
suppressed coupling relative to similar bulk intercalation compounds,53,82 which is attributed to 
substrate interactions and disorder of the metal atoms, which diminish coherent electron-phonon 
Figure 1.12: (a-b) ARPES spectra of K-doped monolayer graphene illustrating the kink in the K-Γ and K-
M directions, respectively. (c) Fitted Eliashberg function for graphene doped by a variety of metals. (d-e) 
Strength of the electron-phonon coupling constant in the K-Γ and K-M directions, respectively.53 
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scattering.28,53,82,129 
1.5. The Thinnest Limit of GICs: Intercalated Bilayer Graphene 
Intercalated bilayer graphene, composed of metal layers inserted between two sheets of graphene, 
provide an attractive target for continuing research into graphene superconductivity. Notably, these 
materials represent the thinnest possible intercalated GIC system, having a single metal layer 
sandwiched between two graphene sheets. Bilayer GICs possess several advantages over doped 
monolayer graphene, including the ordering of intercalated atoms due to confinement between the 
graphene sheets,13,14 and localization of the interlayer wave function near to the carbon atoms.11,12 
Disorder of the metal ions is a significant issue, as the lack of long-range order may prevent the 
emergence of coherent electron-phonon coupling. This has been credited for a suppression of λ in 
several studies.53,82 The separation distance between the intercalated atoms and the graphene sheet is 
predicted to significantly affect both the degree of charge transfer and the phonon energies, which can 
radically alter the prospects for superconductivity.11,45,108 Furthermore, the intercalation of the adatom 
at the interface between the substrate and the graphene sheet, rather than between graphene sheets, has 
been predicted to lead to interaction of the adatom valence bands with the substrate, destroying the 
interlayer band.82 Bilayer graphene presents potential solutions to these issues, which may allow for the 
achievement of strong electron-phonon coupling and higher TC in graphene. 
Initial first-principles calculations have identified Ca-intercalated bilayer graphene (C6CaC6) as a 
potential 2D superconductor91 based on the existence of an interlayer band and a strong low-energy Ca 
phonon mode.21,92 Ca-intercalated bilayer graphene was experimentally realized by evaporating Li and 
Ca atoms onto bilayer graphene grown on SiC, followed by subsequent annealing to facilitate 
substitution of Li atoms for Ca.  ARPES studies confirm the presence of an interlayer band, and Fermi 
surface in good agreement with theoretical calculations.13,91 This affirms the potential of these materials 
to superconducticity,21 and is consistent with the observation of superconductivity in few-layer Ca-
intercalated graphene on SiC.118 However, superconductivity was not observed down to 6K in Ca-
intercalated bilayer graphene, possibly due to the emergence of a competing CDW phase found by 
STM measurements.130 
First-principles calculations have also been performed on Li-graphene layer with a variety of 
stacking configurations.11,12 Surprisingly, while C6Li is not a superconductor in bulk,21 it was found 
that monolayer graphene with a lithium superstructure should have a Tc of 6.67 K. For Li-intercalated 
bilayer graphene the predicted TC was found to be lower than both the monolayer and bulk C6Li (for 
which superconductivity has not been observed). This is consistent with ARPES results, which do not 
observe an interlayer band.13 Interestingly, however, it was found that C6LiC6Li (Li-intercalated bilayer 
graphene with a lithium over-layer) exhibits a transition temperature even higher than any other 
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configuration, 13.54 K.12 This is attributed not only to the introduction of additional carriers relative to 
the bilayer, but also the creation of an interlayer band and an enhancement the electron-phonon 
coupling associated with the low-energy phonon modes. This study highlights both the importance of 
stacking and sample thickness in controlling the superconducting transition in GICs, and the potential 
for significant superconductivity in 2D bilayer graphene GICs. 
Based on the previous studies of intercalated bilayer graphene,13,14 it has been demonstrated that 
bilayer graphene is capable of overcoming two of the most significant issues in doped monolayer 
graphene, the disorder of adatoms, and the suppression of the interlayer band.29,53,82,131 Furthermore, 
first-principles calculations have predicted the achievement of TC equal to or greater than bulk GICs in 
intercalated bilayer systems.12,91 Based on this, bilayer GICs present an exciting opportunity for the 
exploration of low-dimensional superconductivity. 
1.6. Conclusion 
Given the questions which remain about the superconducting transition in bulk GICs:21,92,107,132 
the source of strong electron-phonon coupling,112,133 the source of their coupling anisotropy,28,53,103 and 
the role of the interlayer band,25,38,43 the GIC system remains a topic of interest for a researchers. 
Meanwhile, calculations have indicated the potential of small layer GICs to achieve superconductivity 
at even higher temperatures.11,12 However, while superconductivity has been confirmed in intercalated 
multi-layer graphene,118,119 strong electron-phonon coupling consistent with BCS superconductivity has 
not been found in metal-doped monolayer or bilayer graphene.53,82,125,126 As a result, it still remains 
uncertain whether it will be possible to realize these theoretical predictions. 
In order to gain new insight into the source of strong electron-phonon coupling in the GIC system, 
and to search for a feasible system for strong electron-phonon coupling enabled superconductivity in 
ultrathin GICs, bilayer graphene GICs are an excellent experimental candidate. Alkali metal 
intercalated bilayer graphene compounds are a strong candidate for further exploration, as these metals 
readily form ordered structures on graphene and graphite, and represent a continuous series of 
superconducting bulk GICs.1,27,134 By realizing a new class of bilayer graphene intercalation 
compounds, it should be possible to advance the present understanding of carbon superconductivity in 
the graphene and graphite system. 
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2. Experimental Principles 
In this study, we report on low-energy electron diffraction (LEED) and angle-resolved 
photoemission spectroscopy (ARPES) of intercalated bilayer graphene. While LEED gives information 
about its crystal order, ARPES measure the electronic band structure of a material. In this chapter, we 
explain the principle of ARPES and LEED. 
2.1. Photoemission Spectroscopy 
2.1.1. Principle of Photoemission 
Photoemission spectroscopy (PES), exploits the photoelectric effect in order to measure the 
energy levels of electrons in a solid. By exposing a sample to mono-energetic photons, and measuring 
the kinetic energy of photoelectrons emitted, it is possible to extrapolate the energy of the electrons 
with respect to the vacuum level before excitation. 
The three-step model is a conceptual framework useful for understanding the basics of the 
photoemission process.1–3 The three steps in photoemission are: 
1) Excitation of an electron by absorption of a photon. 
2) Transit of the electron through the material to the surface. 
3) Escape into vacuum by overcoming the surface potential (work function) of the material. 
In the first step, an electron in the material enters an excited state by absorption of an incident 
photon. During this process, we assume that both energy and momentum are conserved. However, the 
momentum contribution of the photon is usually ignored, as it is negligible compared to the change in 
energy. We write: 
!!"# = ℏ! − !! 
In the second step, the excited electron is transported from its original position to the surface of 
the material. During this process, there is a significant chance that the electron will interact with other 
electrons, or with nuclei in the material. Such an interaction results in an exchange of energy that alters 
the information carried by the electron, making it difficult to determine the initial state. The chance of 








! !, ! }! 
ℏq and ε are the momentum and energy transfer during the scattering process, ε(q,ε) is the dielectric 
function of the material, a0 is the Bohr radius, and Ω is the solid angle scattering cross section2. The 
scattering probability has a large impact on the final results, as it limits the physical region of the 
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sample that can be observed. This dependence is 
usually expressed by the mean-free-path of the 
photoelectron, the average distance it can travel 
before scattering, which is given as a function of 
photon energy in Figure 2.2. The He-IIα light 
source used in these experiments results in a mean 
free path of 6-8 Å, making it highly surface 
sensitive. This is useful when examining thin 
systems such as graphene since it results in high 
photoemission intensity from the epitaxial layers, 
while reducing the signal observed from the 
substrate.  
Escape from the bulk is the final step of the 
photoemission process. At this point, the electron 
must overcome the crystal potential, or work 
function, Φ. The work function is equal to 
difference between the material’s Fermi level and 
the energy level of the vacuum. As a result, it 
represents the minimum photon energy for which an electron can be emitted from the crystal into the 
vacuum (at 0 K). We can write EVkin, the kinetic energy of a photoelectron vacuum.  
!!"#! = ℏ! − ! − !! 
This kinetic energy is the final quantity measured in the photoemission experiment. However, it 
is worth noting that we typically are not concerned with the photon energy or work function, as they do 
not vary during the experiment. As a result, it often it is more convenient to reference the binding 
energy, EB, determined with respect to the 
experimentally observed Fermi level.  
2.1.2. Angle Resolved Photoemission 
Spectroscopy   
Angle resolved photoemission spectroscopy 
(ARPES) is a variant of traditional PES. While PES 
gives momentum-integrated information about a solid, 
ARPES allows the momentum of electrons to be 
distinguished.  By mapping the momentum-energy 
relationship of photoelectrons, ARPES provides a 
Figure 2.1: Electrons excited from the occupied 
states in the sample (left) by the photons of 
energy ℏv, imaging the band structure of the 
solid (right). In the observed spectrum, states 
above the Fermi level cannot be imaged since 
these states are unoccupied in the solid. 
Secondary electrons that have interacted with 
the material on their way to the surface form an 
exponential background (white) at low energies. 
 
Figure 2.2: The inelastic mean free path 
of photoexcited electrons is plotted as a 
function of their kinetic energy. Note that 
for the He II-α line,  ~40 eV, this depth is 
only 5-10 Å.3 
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method for directly observing the band structure of 
a sample.  
Figure 2.3 illustrates the changes to an 
electron’s momentum during the photoemission 
process. Each bound electron has an initial 
momentum given by its wavevector k in the 
material. This momentum is considered unchanged 
by both excitation and transport to the surface, 
assuming that the electron is not scattered during 
transport. At the crystal surface, the difference 
between the crystal and vacuum potential alters the 
momentum of the electron perpendicular to the interface. The momentum parallel remains the same, 
assuming that the surface of the sample is atomically flat. The final electron should thus have a final 
momentum parallel to the surface corresponding to its wavevector in the material. 












where me is the electron mass, θ and ϕ are the angles 
describing the trajectory of the electron, k is the total 
momentum of the electron, and ky and kx are the 
components parallel to the surface of the crystal1–3. These 
two components are separated in two steps (Fig. 2.4). To 
begin, electrons emitted from the sample enter the analyzer 
through a slit parallel to ϕ=0. Physically excludes electrons 
for which ky≠0. Electrons of various θ, the kx spectrum, are 
then collected by the electron lens and analyzer. In order to 
measure different ky values the sample is rotated to 
different ϕ so that a different vector aligns parallel to the 
analyzer slit. The experimental setup is described in detail 
in Chapter 3. 
Figure 2.4: In this visualization of the 
ARPES process, electrons excited 
from the physical sample (brown) are 
emitted with various momentums, 
forming a cone. Only electrons exiting 
the sample parallel to the slit (red) will 
be measured. These all correspond to a 
single ky vector. In order to observe a 
different ky (blue), the physical sample 
and its corresponding emission cone 
are rotated until it aligns with the slit. 
Figure 2.3: The momentum of electrons 
exiting from a sample is altered by the crystal 
potential at the surface. While the parallel 
component is conserved, k∥=k’∥, the 
perpendicular component is not. 
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Data collected from ARPES measurements at a given ky (ϕ) may be visualized as “slices”. Raw 
data for Au(111) is shown in Figures 2.5(a) and 2.5(b). For a fixed energy or momentum, represented 
by energy dispersion curves (EDC) [Fig. 2.5(c)] or momentum dispersion curves (MDC) [Fig 2.5(d)], 
respectively, the data can be shown as a series of 1D curves. These curves indicate the electronic 
density, such that peaks correspond to electron bands. More complex information, such as information 
about the electron’s self-energy, may also be extracted by fitting for the width of these peaks.  
By combining a series of slices, it is possible to construct a map of the entire Brillouin zone as a 
function of the momentum vectors kx and ky, and the binding energy EB. This data is often plotted as a 
band map (Fig. 2.6). Here, an EDC or combination of several EDCs is taken for each ky. By plotting 
these in a series, it is possible to observe the peak shift in each one. Connecting the peaks traces the 
dispersion of electron bands along the chosen wave vector.  
2.1.3. The One-Particle Spectral Function  
Using ARPES we measure the one-particle spectral function, which defines the probability of 
measuring an electron at a given wave vector and energy. It is written as: 
!(!,!) = − 1!
!"#(!,!)
(! − !! − !"#(!,!))! + (!"#(!,!))!
 
Figure 2.5: (a) Photoemission intensity map of Au(111). This map is constructed from (b) raw data 
composed of (c) energy density curves. It is also possible to extract (d) momentum density curves from this 
data. 
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Here, ω is the energy of the observed 
photoelectron, k its wavevector, ϵk is the 
energy of the bare band at k, and Σ is the self-
energy3,4. The bare band dispersion is the pure 
single-particle wavefunction, while the self-
energy includes many-body effects such as 
electron-electron interactions, electron-phonon 
coupling, or defect scattering. In a realistic 
scenario (Fig. 2.7), the introduction of the self-
energy terms leads to a Lorentzian line shape, 
and may also introduce corrections to the ω-k 
dispersion. If we examine A as a Lorentzian, 
we not that the peak position, corresponding to the location of the energy band as observed by ARPES, 
is described by !! − !"#(!,!), and the width is described by !"#(!,!)5,6. Fitting the MDC with a 
Lorentzian makes it possible to measure the components of the self-energy.  
!"# ! = !! − ! !! ω ,#
!"#(!) = !"!!!(!) 
Where k0 and v0 are the wave vector and slope, respectively, of the bare band, and k and Δk are the 
maximum and half width at half maximum, respectively, of the fitted Lorentzian. The real and 
imaginary parts of the self-energy are related to each other by the Kramers Kronig (KK) transform. 







In practice, this expression is evaluated by assuming particle-hole symmetry near EF and taking the 
principle part of the integral. The bare band is subsequently fitted so that it minimizes the difference 
between the real and imaginary parts of self-energy. 
2.1.4. Electron-Phonon Coupling 
In the case of electron coupled with bosonic mode like phonon, electrons of energy ω and wave 
vector k emit a phonon and are scattered to a new energy ω’ and wave-vector k’. This results in the 
creation of a phonon with momentum ! = ! − !′  and energy !!! = ! − !′ . The rate at which 
electrons of momentum k and energy ω are scattered is expressed by the Eliashberg function, α2F(ω,k), 
which is proportional to the phonon density of states weighted by the electron-phonon coupling 
constant. ARPES experiments have demonstrated that the Eliashberg function in GICs can be 
approximated by a combination of either Lorentzian or Gaussian peaks.6,7  
Figure 2.6: An example of a bandmap. It is formed 
by identifying the EDC peaks in successive ky 
vectors. These peaks can be traced to determine the 
band dispersion. 
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The imaginary part can be calculated by integration of the Eliashberg function using the 
equation8 




In this expression, f is the Fermi-Dirac distribution, and n is the Bose-Einstein distribution. ReΣ can 
also be derived from the Eliashberg equation by subsequent integration of ImΣ according to the KK 
transform [Fig. 2.7(b)].  
The electron-phonon coupling constant, which describes the degree of electron-phonon coupling, 
can be determined directly from the Eliashberg function at T = 0 K using:  






The electron-phonon coupling constant can also be approximated based on ReΣ by 
! = !"#$(!)!" !!!
 
While this method is less accurate it is popular in ARPES experiments, as it requires no explicit 
knowledge of Eliashberg function. Instead, the electron-phonon coupling constant can be determined 
directly from the real part of self-energy.  
2.2. Low Energy Electron Diffraction 
Low Energy Electron Diffraction (LEED) is a technique for imaging the surface structure of a 
crystal. LEED functions using an electron gun to bombard the sample with low energy electrons fired 
from electron gun normal to the surface of the crystal. After colliding, some of these electrons undergo 
elastic backscattering from the crystal. Due to the regular nature of the crystal the scattered electrons 
Figure 2.7: (a) Simulated ARPES spectra for a band with strong electron-phonon coupling. The bare 
band (black) and experimental band (red) are shown. (b) The real part (red), imaginary part (green), and 
Eliashberg function (gray) corresponding to the simulated spectra. 
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interfere to form a diffraction pattern at the LEED 
screen corresponding to the crystal’s reciprocal lattice. 
This process allows imaging the k-space of the crystal, 
assuming that the crystal is: 
1) Well ordered in the short range covered 
by the Ewald sphere. 
2) Well ordered in the long range covered by 
the radius of the electron beam. 
3) Atomically smooth. 
The basis for this diffraction can be easily 
demonstrated mathematically.9 We define the wave 
number of the electrons by:  
! = 2!!  
where λ is the DeBroglie wavelength: 
! = ℎ2!" 
Typical LEED electron energies range from 20-
200eV, resulting in a maximum λ value of about 2.7 Å. This is of the same order as the base vectors 
most crystals, and comparable to the wavelengths used in x-ray diffraction. In order to conceptualize 
the diffraction condition, we visualize an Ewald equal momentum sphere (Fig. 2.8). This sphere is 
visualized in k-space, so that any vector drawn from its center to its edge will have an equal momentum. 
While the backscattered electrons can have many possible k-vectors, constructive diffraction will occur 
when they align with the “rods” drawn from the adjacent lattice points. These rods correspond to 
backscattering of other electrons in the beam by these sites. We may solve from this diffraction: 
sin ! = ! ∗ !!!! #




Since sin(θ) = sin(ϕ), 
λ ∗ sin ! = !" 
Note the similarity of this result to the Bragg diffraction condition. Increasing or decreasing the energy 
(! ≡ !!!) of incident electrons will decrease or increase (respectively) the angular separation between 
sites, as well as changing the penetration depth (Fig. 2.2). While we used the lattice vector a in this 
case, any linear combination ! = !!!! + !!!! is valid, since our 2D slice could easily have been made 
Figure 2.8: Electrons incident on the 
sample surface are deflected. In k-
space, the electrons are elastically 
scattered from their original vector (red) 
to some new vector (blue) at angle θ. 
Constructive interference occurring 
between different sites (dotted line) 
allows for imaging of regular surface 
structures. 
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in a different direction across the sample surface. This constructive interference between atomic sites 
within the electron beam provides a simple tool for observing the surface structure of crystal and thin 
films.  
2.3. Conclusion 
This chapter has summarized the theoretical principles of the two main experimental techniques 
used ARPES and LEED. In combination, these two methods provide for a reliable means of 
investigating both crystal and electronic structure of the thinnest limit of GICs, intercalated bilayer 
grpahene. The next chapter will address the equipment needed to realize these measurements.  
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3. Experimental Apparatus 
In this chapter, details of the experimental apparatus are described. The SES-2002 angle-resolved 
photoemission (ARPES) system at Tohoku University was used for all experiments as shown in Figure 
3.1. A schematic view of the 2002 system is shown in Figure 3.2. This system can be roughly divided 
into several components: the main chamber (Fig 3.2), the preparation chamber [Fig. 3.3(a)], the LEED 
chamber [Fig. 3.3(b)], and the sample fabrication chamber [Fig. 3.3(c)]. In the following, each of these 
ultra-high vacuum chambers is discussed in detail, as well as relevant experimental details and 
pumping schemes.  
3.1. ARPES Main Chamber 
The main and preparation chambers are the core of all ARPES systems, as they are used to 
perform photoemission experiments. In order to achieve high quality data, four key components need 
to be carefully set. The first of these is the sample stage, which holds the sample. Precise positioning of 
the stage is important to focus the photoelectrons. Furthermore, this element contains a cryostat used to 
control the sample temperature. The second system is the electron lens, which focuses the 
photoelectrons before introduction into the third stage, the electron analyzer. The analyzer separates the 
electron spatially in order to image their momentums and energies. The fourth key piece of this system 
is the helium lamp, which is used to produce the mono-energetic photons necessary for higher energy 
resolution.  
3.1.1. Sample Stage and Measurement 
Prepared samples are mounted to a custom holder (Fig. 3.4). This holder allows them to be 
moved to the sample stage using a 
linear transfer rod, which locks to a T-
flange on the holder. Once delivered, 
a set of screws is used to securely 
fasten the mounted sample, and its 
holder to the sample stage. Linear 
motion of the stage and sample is 
possible along 3 axes (x,y,z), and 
rotation is possible around one (x). In 
order to rotate around either of the 
other two axes the sample must be 
Figure 3.1: The Tohoku University 2002 ARPES system. 
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removed and manually reseated in its holder. The sample is positioned so that the photon spot is 
centered on it. Proper focusing is important to maximize the photocurrent from the sample, and to 
decrease background due to the holder or stage.  
The sample stage and measurement chamber (Fig. 3.5) are designed specifically to reduce the 
introduction of error due to magnetic or electric fields, as well as gasses. A set of shrouds encases the 
sample chamber and stage. These are connected to a cryopump, which cools them using liquid helium. 
This creates a cold surface capable of condensing gasses in the chamber, effectively removing them 
from the system. The main chamber is also insulated using a layer of mu-metal. This special alloy has 
an extremely high magnetic permeability, which allows it to effectively block low frequency magnetic 
fields. Earth’s magnetic field has strength of 500mG in Sendai city, but mu-metal shielding reduces this 
background to less than one percent of its total strength inside the chamber.  
Charging of the sample and chamber surfaces is also a significant concern. Since the chamber is 
exposed to a constant photon flux during measurement, the components must be kept well grounded in 
order to avoid photoelectric charging. Failure to do this can result in the buildup of surface charge, 
creating an electric field that can disrupt the experiment by deflecting photoelectrons. Due to their 
proximity to the beam the holder, stage, and sample are most susceptible to charge-up. To mitigate this, 
the shrouds inside the sample chamber, as well as the stage and holder, are all constructed of high 
conductivity metals. Further, the exterior of the stage, electron lens, and analyzer are connected to 
ground by a thick metal braid. This 
ensures a low resistance bridge, so that 
charge buildup is easily mitigated. The 
walls of the chamber itself are also 
coated in colloidal graphite, to reduce 
the uneven accumulation of electrons. 
To prevent charging of the sample itself, 
the sample is securely grounded to the 
holder.  
The sample stage is equipped to 
precisely control the sample 
temperature. This is accomplished by a 
combination of liquid helium for 
cooling, and resistive heating. Liquid 
helium is stored in a pressurized tank, 
and circulated by a helium-tight rotary 
pump with a maximum throughput of 
Figure 3.2: A model of the ARPES main chamber, 
hemispherical analyzer, and associated pumping equipment. 
Elements are physically connected as shown by the dotted 
lines. The hemispherical analyzer is pictured at the top, with 
two electron paths (red and blue) for different momentums 
resolved into their various energies.  
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650 l/m. Once the sample has been cooled to the desired temperature the flow of helium is reduced by 
adjusting the flow valve, and the sample is automatically heated by resistive filaments attached to the 
sample stage. The heating rate is programmatically adjusted to match the thermal transfer to the 
circulating helium, so that an equilibrium temperature is maintained. In order to account for the thermal 
gradient of the sample stage the temperature is measured at two points, one behind, and one in front of 
the sample. The temperature at the 
sample is estimated based on the 
average of these two readings. 
This system is capable of reaching 
a minimum temperature of 3.7 K, 
with a sensitivity of ±0.1 K.  
3.1.2. Electron Lens 
 The electron lens is 
installed between the stage and 
the electron analyzer. By charging 
a series of metal plates, the lens 
creates an electric field that it uses 
to shape the photoelectrons. At 
the entrance of the lens, a small 
slit allows for electrons from a 
small ky range to enter. Increasing 
the slit width allows for the 
collection of electrons from a 
larger ky vector, while increasing 
the length will allow for a wider 
kx range. A larger slit increases 
the intensity of the photoelectrons 
but decreases energy and 
momentum resolutions. The 
interior of the lens consists of a series of plates used to collimate and focus the photoelectrons. These 
plates are coated in colloidal graphite to minimize irregular charge distribution. Changing the voltage 
of the plates allows for variable lensing of the electrons, which can be used to adjust both their velocity 
and trajectory. In normal operation, one set of plates is used to focus the electrons to a plane at the 
entrance to the analyzer, while another set is used to retard or accelerate their velocity. Such velocity 
Figure 3.3: Schematic of the 2002 system, including important 
experimental tools and pumping systems for the (a) preparation 
chamber, (b) LEED chamber, and (c) surface chamber. Arrows 
indicate possible directions of sample transfer. The cryostat in 
the preparation chamber connects to the main chamber (Fig. 3.2). 
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adjustment is necessary, as the analyzer typically operates at a single, optimal measurement voltage, 
while relying on the lens to scan the energy space.  
3.1.3. Electron Analyzer 
The electron analyzer is used to resolve the 
momentum and energy of photoelectrons. The SES-
2002 analyzer is a hemispherical analyzer, in which the 
electrons are passed between two concentric charged 
hemispheres (Fig. 3.2).1,2 At the entrance of the analyzer, 
electrons of all energies are focused to a line, with 
different momentums dispersed along the length. Before 
entering the analyzer itself, the electrons pass through a 
second slit designed to restrict the beam. This is 
adjustable, and is typically set to match with the lens 
aperture. It helps to filter any electrons that may have 
been incorrectly focused. The electrons entering the 
analyzer are subjected to an electrostatic force from the 
charged hemispheres, which curve them into a semi-circular orbit. At a specific energy, know as the 
“pass energy”, the electrons will take a perfectly circular path around the analyzer. 
The pass energy can be determined by calculating the point at which the centripetal force is equal 





Where r0 is the average radius between the two shells of radius r1 and r2, and E is the electric field 







Electrons with high energies (velocities) will curve outwards, colliding with the outer hemisphere 
and becoming absorbed. Likewise, those electrons with low energies will be pushed towards the inside 
wall, falling into the inner hemisphere. However, electrons within a small range of energies centered on 
the pass energy will travel around the analyzer without colliding with the walls. Because the position of 
the electrons with respect to the inner and outer hemispheres is determined by their velocity, at the exit 
of the analyzer these surviving electrons will be spatially separated according to their energy. The 
transverse momentum of the electrons, which has already been resolved by the lens, is preserved as the 
electrons are passed through the analyzer. This results in a two dimensional dispersion of electron 
energy versus momentum at the exit of the analyzer. As the resolution of the analyzer depends on the 
Figure 3.4: SiC sample and sample holder. (a) 
The SiC sample. The bottom (b) and top of 
the sample holder (c) are separated, so that 
applying a voltage across them causes current 
to flow through the sample. A ‘T’ handle (d) 
allows the holder to be picked up and moved 
under UHV using a transfer rod. 
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pass energy (see 3.1.5), the pass energy is typically fixed for each measurement. Instead, the electron 
lens then used to accelerate or decelerate electrons before they  enter analyzer. This allows for a wide 
range of energies to be imaged without varying the resolution. 
At the terminus of the analyzer, the photoelectrons reach the multi-channel plate (MCP), 
phosphor screen, and CCD camera. The MCP consists of a resistive material, into which a large 
number of tiny, angled channels have been cut. Electrons are accelerated inside by a large electric field 
(typically 1700-1850V) so that they hit the walls of the channels, causing a cascade of secondary 
electrons. This greatly increases the number of electrons in each channel, amplifying the photoemission 
signal. The SES-2002 system uses a pair of MCPs, capable of gain as high as 106. Upon exiting the 
MCP, electrons are further accelerated by a voltage of 3800V, before hitting a phosphor screen. This 
screen reacts to the high-energy electrons, emitting a flash of photons for each collision. Finally, a 
CCD camera aligned in series with the MCP and phosphor system captures these photons. By 
dispersing electrons energy and momentum physically in the analyzer, amplifying the electrons in the 
MCP, and converting them to photons using a phosphorescent screen, it becomes possible to generate 
an image measuring the intensity of the photoelectrons in terms of their energy and their kx momentum, 
at a single ky vector within the sample. 
3.1.4. He-ECR Lamp 
In order to obtain high-quality experimental data, an efficient, intense monochromatic light 
source is necessary. A high intensity light source is desirable as it increases the number of 
photoelectrons generated. Monochromatic photons are a concern when considering the resolution of the 
ARPES image. The energy resolution is limited by the bandwidth of the light source used, as a large 
variance in photon energy will similarly smear the photoemission spectrum.  
The ARPES system developed at Tohoku Univ. uses an electron cyclotron resonance (ECR) He 
gas lamp (Fig. 3.6).4,5 In this style of lamp photons are generated from the spectral transitions of an 
Figure 3.5: The sample holder, and the interior of the measurement chamber. 
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ionized gas. The energy of the photons will depend on the gas used, and the exact transition. Cyclotron 
resonance refers to the phenomenon in which charged particles in a magnetic field in a circle 
perpendicular to the direction of the magnetic field due to the Lorentz force. ECR lamps exploit this 
effect in order to confine a large number of electrons using a magnet. The confinement greatly 
increases the mean free path that the electrons experience before colliding with the chamber walls. This 
results in a much larger number of electrons in the 
chamber, greatly in  creasing the rate at which gas 
atoms are ionized, and increasing the number of 
photons created. While ECR systems exhibit higher 
bandwidths and lower intensities than synchrotron 
radiation sources, they are significantly smaller, 
cheaper, and easier to operate.6  
The ECR lamp is driven by a 10GHz 
microwave generator, which creates free electrons by 
photoemission from the chamber walls. The 
electrons are exposed to helium at a pressure of 
~5x10-6 torr. The inside of the lamp is coated with 
tantalum to reduce plasma corrosion, and is kept 
under UHV conditions to prevent contamination by 
other gasses. The magnetic field necessary for ECR 
is generated by a SmCo5 permanent magnet with a 
strength of 0.36T. The ionization of the gas by the 
electron plasma results in a strong He Iα line at 
21.218 eV, a He Iβ line at 23.087 eV, and a He IIα 
line at 0.814 eV. In addition to these two primary 
energies, the He ECR lamp exhibits several satellite 
peaks5. These occur when a helium atom absorbs 
sufficient energy to excite two separate electron 
transitions. In this case, the excitation of an adjacent 
electron results in a change in the spectrum. On 
example is the He Iβ peak, which is separated from 
the HeIα peak by less than 2eV. In order to select the appropriate photon energy, a diffraction grating is 
used at the exit of the lamp. An Au film is used a reference in order to carefully select the correct 
photon before measuring.  
One issue in using a helium lamp is the leakage of gas from the lamp to the main chamber. Due 
to the scarcity of transparent materials in the 20-40eV range, it is difficult to find a window material 
Figure 3.6: Schematic illustration of the 
VUV5000 light source. Helium (green) enters 
the ECR lamp at the top of the figure. Inside 
the lamp a large number of electrons (yellow) 
excited by a microwave generator are 
confined to cyclotron motion by a magnet. 
These electrons ionize the Helium, resulting in 
excitation, and de-excitation to produce UV 
photons. These photons pass from the 
chamber to a grating, which slits the light. The 
grating is turned to select a single photon 
energy, which exits the chamber. A pair of 
TMPs and a filter are used to reduce the 
amount of escaping helium. 
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that contains the gas without compromising 
the intensity of light. When the lamp is 
operated without a filter to block the gas 
form entering the sample chamber, a strong 
pumping system must be used to prevent 
contamination. Even when this is done, 
some materials are still likely to be 
damaged due to bombardment by the 
helium gas.7 The 2002 system is equipped 
with a 1000Å aluminum filter in order to 
prevent such damage. Mounted to a grate 
valve, the filter can be inserted to prevent 
all movement of gasses from the lamp to the sample chamber. According to manufacturer provided 
data  (Fig. 3.7), the filter has a best-case transmission of about 60% at 20-40eV(600-300 Å). In practice, 
the intensity while using the filter is typically around 25%, being reduced by residual gasses absorbed 
at the lamp side of the gate. Because of this, the filter is typically used only for samples with a known 
vulnerability to surface degradation. 
3.1.5. Energy Resolution of the ARPES system 
  Total energy resolution in the ARPES system is the sum of two main sources. The first is the 
helium lamp. The line width of its spectral function limits the total resolving power of the system. The 
second is the analyzer, which is constrained by the size of the MCP channels, and the focusing and 
resolving limitations of the analyzer. The resolution from these two components can be added together. 
!!"!#$! = !!"!#$%&'! + !!"#$!  





where w is the width of the entrance slit, Epass is the pass energy, and r0 is the average radius of the 
analyzer.  The radius r0 of the SES-2002 analyzer is 200mm, and the slit is typically set at 40mm. As a 
result, error due to the analyzer is approximately 1/10 the pass energy.  
Energy broadening from the lamp is introduced due to two sources, the natural line width for the 
He transition, and the Doppler broadening due to inhomogeneous velocity of the excited gas particles8. 
The natural line width of the lamp is decided by the lifetime of the electron excitations in He. Based on 
the uncertainty principle, transitions with short lifetimes will naturally result in large uncertainties in 
energy, while long transitions will create sharper spectral peaks. Doppler broadening is due to the 
movement of the gas particles. Because the velocity of the atoms is not completely homogenous, their 
Figure 3.7: The transmission curve for the Al filter 
used to prevent helium contamination of the 
experimental chamber. The lamp used produces 
photons from 300 Å to 600 Å. 
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motion will confer a slightly different 
frequency shift to each of the emitted 
photons. Between these two effects, 
Doppler broadening is responsible for the 
large majority of broadening observed in 
the He lamp spectrum.  
The total degree of photon energy 
broadening can be determined 
experimentally by measuring the energy 
distribution of photons created. Figure 3.8 
shows such a measurement for the Xe 5p3/2 
transition. The full-width half maximum (FWHM) of the peak, in this case 3.1 meV, is determined by 
fitting a Lorentzian function to the data. For the He-Iα transition this width is lower, 1.2 meV for the 
ECR lamp used.  
We can measure the total energy resolution from the lamp and analyzer experimentally 
examining the Fermi edge of a metal. This edge is formed by the sharp drop-off of occupied states 
above and below the Fermi level for metals cooled to low temperatures. The slope of a Fermi-Dirac 
function is much larger than the instrumental resolution, which allows us to directly observe the 
spectrum broadening caused by the lamp and analyzer. To demonstrate this, we have performed such a 
calculation for gold measured by He-Iα. Experimental data from a gold film at 3.7 K is shown in Figure 
3.9. As can be seen, the energy contour forms a slope across the Fermi level as predicted.  
Fitting to the curve allows the resolution to be calculated. Its intensity is modeled by: 




The various functions used are: 
! ! = !" + !!









A(ω) is a linear approximation of the intensity near the Fermi level. This is convoluted by F(ω), the 
Fermi equation representing electron occupancy, and R(ω), a Gaussian for the function spreading due 
to experimental error. Using these expressions, we fit the experimental data around the Fermi level. 
The full width half maximum for the experimental resolution term, given by 8ln!(2!) is then 
calculated. From the data, we find the resolution to be 1.3 meV. For the He IIα line used to collect the 
data in this thesis the resolving power is slightly worse, as the lifetime for the HeII-α transition is 
Figure 3.8: The energy distribution for the Xe5p3/2 core 
level transition. 
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shorter. Based on the given values given by the manufacturer,2,5 we find the error to be 
1.03 + 1.22 = 1.6! "#. This resolution should remain constant for any material measured, although 
it will vary slightly depending on the state of the lamp plasma, and vacuum quality in the analyzer. 
3.2. Sample Fabrication Chamber 
In order to fabricate high quality samples, a specialized sample fabrication chamber is used [Fig. 
3.3(c)]. It allows for in-situ preparation, which is particularly useful for preparing the type of 
atomically clean, highly ordered samples required for ARPES.  
3.2.1. Sample Holder and Cryostat 
Samples are set in a custom holder (Fig. 3.4). This holder can be moved using a linear transfer 
rod, which locks the T-flange on the holder. Once installed into the sample holder cryostat, the sample 
can be positioned by moving the cryostat. The cryostat can be moved along three axes and rotated 
around one, allowing for positioning of the sample in three dimensions.  
The cryostat also allows the sample to be heated and cooled. Heating is achieved by direct 
resistive heating of the samples themselves. Based on contact with the sample holder in its neutral 
position, the cryostat connects the sample inside the chamber to two external leads, which are then 
attached to a suitable a power supply. Current is run through the sample, causing it to heat until 
reaching equilibrium through conduction to the stalk, and radiation into the vacuum. Cooling of the 
sample is performed by pouring liquid nitrogen 
into a reservoir at the top of the sample cryostat.  
The sample holder can achieve a minimum 
temperature of 90K using liquid nitrogen. 
3.2.2. Alkali Metal Sources 
These modules are used to deposit alkali 
metals (K, Rb, Cs) onto the sample surface. While 
many elements can be prepared using raw ingots in 
a crucible, this method is difficult for alkali metals 
as they oxidize very rapidly in atmosphere. Instead, 
alkali metals were deposited using specially 
prepared getter cells. The dispensers used in this 
experiment were purchased from SAES getters. In 
these cells, alkali metals are mixed with a metal 
Figure 3.9: Photoemission curve from gold 
imaged via. HeI-α. Based on the sharpness of 
the curve at EF, it is possible to calculate the 
resolution of the instrument. Fitting the data 
with an expression for the occupancy finds an 
instrumental resolution of 1.3 meV.
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alloy, Zr 84%, Al Al 16% (St101). The St101 mixture forms a stable compound with the alkali metals, 
greatly reducing the rate at which they react with atmospheric gasses during installation. Getters were 
mounted to an evaporator assembly prepared in-house. Once installed into UHV, getter cells are heated 
by running a current through them. At a current of 4.0 A the cells degas. This is performed after 
insertion to remove residual atmosphere. After this, the getter cells can be heated to higher 
temperatures, at which the alkali metals are able to evaporate, leaving behind the St101. This allows for 
the deposition of clean alkali metal films, minimizing the presence of contaminants. After deposition 
the St101 also remains an active getter, removing residual gasses from the chamber. 
3.2.3. Quartz Crystal Microbalance 
The quartz crystal microbalance is used to measure the growth of thin films. Consisting of a thin 
quartz crystal with two electrodes attached, the microbalance is driven by a small AC current which 
vibrates the crystal. The deposition of material on the surface of the crystal will dampen these 
vibrations, altering the frequency of the crystal. The vibration is subsequently modeled by the 
Sauerbrey equation,9 which provides a simple approximation for thin, homogenous layers: 




Here, Δf is the change in the frequency before and after deposition, fr is the lowest resonant mode 
of the crystal before deposition, A is the surface area of the resonator, and ρq and Gq are the density and 
shear modulus of the quartz crystal. For a well-calibrated system, it is possible to calculate Δmq, the 
change in the mass of the system, by measuring the change in the resonant behavior of the crystal. 
From this mass value, we can determine the thickness of the deposited layer based on the solid-state 
density of the material under consideration, and the area of the target. For thicker layers the 
microbalance can still be used, although it requires knowledge of the shear modulus of the solid 
deposited, as well as a more complicated model for the vibrations. Both modulus and density values are 
well documented for common materials. 
The quartz crystal microbalance is especially useful for measuring layer-by-layer growth, as the 
model is robust enough to be applied even over small timescales. This enables continuous monitoring 
of the deposition rate and the total thickness. By test evaporating a dopant onto the microbalance first, 
it becomes possible to determine the exact amount that will be deposited onto a sample under the same 
conditions.  
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3.3. Low Energy Electron Diffraction 
Also known as LEED, this method of crystal structure analysis functions by bombarding the 
sample surface with monoenergetic electrons, some of which are elastically scattered to form a 
diffraction pattern. The model used in the Tohoku SES-2002 system is a SpectaLEED paired controller, 
electron gun, and screen manufactured by Omicron (Fig.  3.10).10 This system is mounted in a 
dedicated LEED chamber [Fig. 3.3(b)]. Electrons are generated in the electron gun by heating a LaB6 
filament. Due to the low work function of LaB6 thermal electrons can easily escape into the vacuum. 
The filament is completely enclosed by the Wehnelt, except for a small aperture through which the 
thermal electrons exit. The Wehnelt can be biased between 0 and -100V relative to the filament, 
focusing electrons through the exit aperture. Once 
exiting a large potential, up to 3.6 kV, is applied 
to accelerate the electrons towards the anode. This 
field is the primary means of controlling electron 
energy in the system. Following this acceleration 
the electron beam is focused by an electrostatic 
lens assembly, similar in principle to the one used 
in the ARPES electron analyzer. These lens 
voltages are adjusted during operation in order to 
ensure optimal image quality. The final energy of 
the beam varies between 0 and 1000 eV. 
The screen assembly consists of a series of 
concentric metallic grids, and a fluorescent screen. 
Electrons reflected from the sample are 
conditioned by the grids before being converted to 
visible photons at the screen. The SpectaLEED unit contains four grids. The first and fourth grids are 
connected with the sample to an external ground. The primary purpose of these grids is to act as a 
Faraday cage, screening EM interference. The second and third grids are typically referred to as the 
suppressor. A negative voltage is applied across these grids, retarding incoming electrons. Adjusting 
this bias so that it is slightly less than the energy of elastically scattered electrons allows the suppressor 
grids to reflect inelastically scattered, and secondary electrons. This bias is usually between to 80%-
100% of the beam energy. Finally, the fluorescent screen is charged to a large positive voltage with 
respect to the sample. This is done to accelerate the remaining electrons, so that they will have 
sufficient energy to create observable photons. This voltage is bounded at 7 kV maximum, with typical 
operating potentials of around 4 kV. 
Figure 3.10: The LEED assembly. Electrons 
(green) emitted from the filament (orange) are 
focused by the Wehnelt (W), accelerated by the 
anode (A), and focused by the electronic lenses 
(L1) and (L2). The electrons scattered from the 
sample surface pass through the screens at 
ground, and negative voltage V1. These electrons 
are visible on the final fluorescent screen, held at 
positive voltage V2. 
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3.4. Graphene Fabrication Chamber 
In order to grow bilayer graphene, a special 
fabrication chamber was used. A schematic drawing is 
shown in Figure 3.11. Graphene samples were mounted to a 
sample holder, as shown in Figure 3.4. Ceramic washers 
separated the top and bottom portions of the holder so that 
applying a voltage across them caused current to flow 
through the SiC sample. Using a power supply connected to 
the sample stock, the sample was resistively heated inside 
the chamber. The temperature of the sample was measured 
using an infrared pyrometer mounted to the front viewport, 
providing ±1 K accuracy at temperatures above 570 K.  In 
order to improve terrace size, an argon atmosphere was used 
at some steps of the fabrication process. To do this, a valve 
was closed, isolating the TMP and rotary pump from the rest of the system, which was then pressurized 
using an argon gas tank. Using this system,  we were able to grow high quality graphene, as described 
in section 4.1.  
3.5. UHV Equipment  
Generating and maintaining an ultra-high vacuum is critical to the all of the above: surface 
preparation, ARPES, and LEED analysis. The presence of gas within the system not only interferes 
with measurement, it can actively damage both the sample and equipment. The 2002 system is kept at 
pressures better than 3 x 10-11 Torr, with the measurement chamber at pressures better than 3 x 10-11 
Torr. In order to achieve and maintain these levels, careful preparation and a variety of pumping 
apparatus are necessary, as can be seen in Fig. 3.2 and Fig. 3.3. 
3.5.1. Baking and Degassing 
Upon first installation into the system, each part must be baked and degassed. This process 
involves heating the sample or in order to force gasses and contaminants within the material’s surface 
out. Even materials considered non-porous at macroscopic scales, such as stainless steel, absorb both 
gas and water at room pressure. In order to achieve UHV conditions, it is necessary to heat components 
that have been recently introduced into the vacuum. Heating releases gasses trapped at the surface of 
the component, which can then be pumped out of the system. It is especially critical for components 
Figure 3.11: The graphene fabrication 
chamber. Dotted black lines indicate 
connected systems. The dotted red line 
illustrates the line-of-sight between 
the pyrometer and sample. 
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such as the high reactivity ion dispensers, which rapidly accumulate gas even under high vacuum. 
These must be degassed when introduced, and before each use, in order to evaporate residual 
contaminants. 
3.5.2. Pumping 
An ultra-high vacuum is necessary at all times inside of the ARPES system. This ensures the 
safety of the apparatus, reduces the chance of photoelectrons colliding with residual gas particles, and 
allows for the fabrication of atomically clean samples. The basic pumping method relies on a 
combination of rotary and turbomolecular pumps connected in series. Rotary pumps create a rough 
vacuum of up to 10-6 Torr. Turbomolecular pumps are connected in series between the rotary pumps 
and the interior of the system. These pumps can achieve vacuums as high as 1x10-10 Torr by pumping 
gas atoms physically using a series of high speed, turbine-like blades. The rotary and turbomolecular 
pumps are most effective at removing large gas particles, and are able to maintain ultra high vacuums. 
Sputter-ion pumps and titanium sublimation pumps (TSP) are also used in the 2002 system. 
These pumps are extremely effective at removing highly reactive gasses by chemical absorption. 
Although slightly different in principle, both deposit thin films of titanium, which reacts with free 
particles in the system to form solid films. These pumps are effective down to 1x10-11 Torr. However, 
they have a significantly lower pumping rate than turbomolecular or rotary pumps. Furthermore, once 
the titanium surface is saturated it must be refreshed by either evaporating additional titanium (in the 
case of the TSP), or by heating the system under rough vacuum (in the case of the ion pump). As a 
result, these pumps are unsuitable for primary pumping of the system. Instead, they are used in 
combination with mechanical pumps to achieve vacuums better than 1x10-10 Torr after the system has 
already been rough pumped. 
A cryopump is used in the main chamber to achieve extremely high vacuum conditions during 
measurement. The cryopump consists of a metal projection, which is supercooled by liquid helium. 
This pump removes gas from the system by freezing free particles at the metal surface. This gas is then 
held until the metal is allowed to reheat. Similar to the ion pump and TSP the cryopump is used as a 
secondary pump to achieve higher vacuums after the system has been mechanically pumped. 
 
Through the practical methods presented here, it is possible to obtain high quality data regarding 
both the physical, and electronic structure of solids. These techniques are essential to the production of 
high-quality ARPES data, and must be necessarily considered in examining the experimental results. 
The subsequent chapters rely on data obtained using the methods described herein.    
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4. Sample Fabrication 
In this chapter, the growth of epitaxial bilayer graphene on 6H-SiC(0001), and the fabrication of 
alkali-metal intercalated bilayer graphene C8KC8, C8RbC8, and CsxC8CsC8 are described. This process 
represents an important part of the research performed, as the synthesis of these bilayer graphene 
intercalation compounds has not been previously reported on. 
4.1. Graphene Fabrication 
Although a variety of methods exist for growing few layer graphene at present, epitaxial growth 
on silicon carbide (SiC) was selected for this research since SiC substrates have several distinct 
advantages for the growth of bilayer graphene. In particular, the layer number can be easily controlled, 
and graphene stacks exhibit strong rotational ordering1 as discussed in section 1.3.4. For this study, 
graphene was first grown epitaxially on SiC(0001), and then characterized using a combination of 
AFM, LEED, and ARPES. 
4.1.1. SiC Substrate 
For our experiments, wafers of the wide-gap semiconductor 6H-SiC(0001) were chosen. Growth 
on 4H-SiC(0001), as well as carbon terminated 6H-SiC(0001) is also possible, however experiments 
have found that graphene growth on these surfaces is difficult.1 The crystal face of 6H-SiC(0001) 
terminated by Si atoms, with each Si atoms bonded to three carbon atoms on the plane below it in a 
semi-tetrahedral configuration [Fig 4.1(a)].2–4 Wafers were purchased from the SiCrystal AG, and cut 
to size using a diamond micro-blade. Orientation of the crystal axis is marked as sold, and samples 
were cut so that they could be accurately mapped along the Γ-K line by using ARPES. Typical 
dimensions of the cut samples are either 2mm x 8mm x 0.04mm, or 2mm x 13mm x 0.04mm. After 
cutting, samples were washed in an ultrasonic bath using acetone, then methanol. 
4.1.2. Graphitization 
It has been recognized for some time that SiC rapidly undergoes epitaxial graphitization when 
subjected to high temperature annealing.5,6 This procedure has been investigated in greater detail since 
the discovery of monolayer graphene, and has been found to be a reliable method for growing 
monolayer and multilayer graphene. The growth of graphene layers on SiC occurs due to the 
evaporation of Si atoms at high temperature, which leaves excess carbon that assembles into graphene 
sheets.7 In ultra-high vacuum (UHV), Si atoms evaporate starting at ~1150°C and graphene growth 
proceeds from ~1300°C.8 Growth of the graphene sheet originates at the SiC step edge, and then 
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spreads across the terrace. Once the terrace is fully covered, the growing graphene will extend down 
the next step edge, merging with existing graphene to form a continuous sheet9. Because of the 
composition of the SiC surface and the difference in density between the two materials, the creation of 
a single layer of graphene requires the evaporation of ~3 SiC bilayers.7 Due of this, terrace steps recede 
rapidly during growth, leading to bunching that can increase surface roughness in samples grown under 
UHV. On the other hand, growth under an argon (Ar) gas atmosphere has been shown to significantly 
increase the terrace size and improve surface roughness for monolayer graphene samples. This is 
attributed to an increase in the reaction temperature, as growth may be performed at 1650°C under 0.09 
MPa of argon. The argon acts to increase the density of Si atoms near the surface, slowing the 
nucleation of new graphene sheets, and allowing for higher temperature growth which helps to anneal 
out surface flaws and 
impurities.10 
It is important to note that 
the first epitaxially grown 
carbon layer remains partially 
bonded to the underlying SiC 
substrate [Fig. 4.1(b)]. This 
layer is referred to as the buffer 
layer,8,11 and exhibits a crystal 
and electronic structure 
markedly different from that of 
freestanding graphene.12,13 The 
second layer grown above the 
buffer layer does not bond to 
the substrate or the buffer layer, 
resulting in the graphene-like 
electronic dispersion.4 The configuration with one semi-freestanding graphene above a buffer layer will 
be referred to herein as monolayer graphene [Fig. 4.1(c)]. Two graphene layers on a buffer layer will 
also be referred to as semi-freestanding bilayer graphene. The buffer layer is insulating, and exhibits no 
significant electronic density near the Fermi level.11 However, dangling bonds at the interface of the 
buffer layer and the substrate lead to doping of any overlying graphene sheets. Furthermore, the altered 
structure of the buffer layer creates symmetry breaking which induces a band gap at the Dirac point of 
graphene samples stacked on top.14 Nevertheless, the effect of the SiC substrate and buffer layer are 
considered to be fairly minor. 
In this research, to grow high quality graphene samples were produced in a specially purposed 
fabrication chamber. SiC cut to the appropriate size was fitted to a holder, and inserted into the 
Figure 4.1: Growth of monolayer graphene from the surface of 
Si-terminated 6H-SiC(0001). Starting from SiC (a) the sample is 
heated (b) causing the top layer of silicon to evaporate, and a 
coupled graphene layer to form. Further heating decouples the 
graphene layer (c), leaving a buffer layer, combined with a semi-
free graphene monolayer. 
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chamber. Once the sample was inserted, a vacuum better than 1 x 10-5 Torr was applied. Sample 
holders were constructed so that applied current passes through the SiC sample, heating the SiC sample 
resistively. Using an infrared pyrometer focused through a viewport in the chamber to measure the 
temperature, the SiC crystal was slowly heated to 800°C. This temperature is too low to evaporate 
silicon atoms from the sample,10 but allows for outgassing of impurities (H2O, O2, etc.) absorbed at the 
surface. To ensure complete degassing, the sample was held at this temperature for 20-25 minutes, or 
until the pressure of the chamber returned to <1 x 10-5 Torr. Failure to degas samples was found to 
result in low quality graphene, most likely due to the formation of carbides or defects from residual 
elements at the surface layers. The graphene fabrication chamber itself is described in more detail in 
section 3.4.  
Once degassing of the sample was completed, it was allowed to cool for a period of ~15 minutes. 
The chamber was then pressurized to 0.11 MPa using Ar gas. To grow graphene, SiC wafers were 
heated from 900°C to the graphene growth temperature at a rate of ~2°C/sec. Monolayer graphene 
Figure 4.2: (a) The LEED pattern for pristine monolayer graphene, exhibiting C (1x1), SiC (1x1), and 
buffer layer (6√3x6√3)R30° spots. (b) Schematic illustration of the LEED pattern with C (black), SiC 
(green), buffer (blue) spots. c) An illustration of the in-plane structure of a single graphene monolayer 
on SiC. The graphene lattice and atoms are drawn in black. The first SiC layer is drawn using blue (Si) 
and green (C). The blue box shows the (6√3x6√3)R30° unit cell.  
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growth was found to occur in the range of 1300-1450°C, bilayer at 1450-1580°C, and trilayer from 
1580-1650°C. Samples were maintained at the annealing temperature for ~20 minutes, before reducing 
the temperature at a rate of ~2°C/sec. to 900°C. Using this procedure, layer number was found to be 
well controllable for thicknesses of 1-2 graphene sheets. However, for large graphene stacks samples 
were more likely to exhibit mixed layer number. In these samples the existence of numerous π bands 
makes it difficult to interpret the electronic structure, rendering these samples unsuitable for use in 
ARPES experiments. 
4.2. Graphene Characterization 
4.2.1. Low Energy Electron Diffraction Measurement 
In order to confirm the successful growth of graphene layers, LEED was used as to characterize 
the surface crystal structure of the sample. The dramatic differences in the in-plane configurations of 
graphene, buffer layer graphene, and SiC make it simple to differentiate between them based on their 
surface structure. Before annealing, SiC has a (√3x√3)R30° pattern due to the arrangement of Si 
surface atoms. After annealing, this pattern drastically changes due to the creation of graphene and 
graphene buffer layers [Fig. 4.2(a,b)]. The (1x1) pattern corresponding to the graphene lattice becomes 
easily visible. Additionally, another (1x1) pattern rotated 30° with respect to the carbon pattern is 
observed. This pattern is formed by the topmost Si layers of the SiC crystal.15 Finally, the carbon buffer 
layer leads to the creation of a (6√3x6√3)R30° pattern due to the large period between the buffer layer 
and the underlying SiC crystal [Fig. 4.2(c)].6,15 The buffer layer pattern is not visible in the entire 
LEED image, but primarily near the (1x1) graphene (or SiC) LEED spots, since the pattern is a result 
of the long-range periodicity between these two lattices. In thicker, multilayer graphene samples, the 
(1x1) carbon pattern becomes stronger while the (1x1) SiC and (6√3x6√3)R30° patterns are attenuated. 
This is due to the low mean free path at the primary electron energy used for LEED analysis. As the 
thickness of surface graphene layers increases, the number of electrons capable of escaping to the 
sensor after diffraction by the SiC substrate or buffer layer decreases. Using LEED, the epitaxial 
growth of well-ordered monolayer or bilayer grapehene with a graphene-like buffer structure on SiC 
6H-(0001) was confirmed for all samples. 
4.2.2. Atomic Force Microscopy Measurement 
While LEED measures the long-range surface periodicity and crystal structure, it is hard to grain 
information about the crystal structure along the c-axis, or surface morphology such as the step and the 
terrace spacing.   In order to investigate these characteristics, atomic force microscopy (AFM) was 
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employed. This technique relies on 
guiding a floating tip over the sample. 
Vertical deflection of the tip by 
elevation change at the sample 
surface is measured by reflecting a 
laser spot from tip. This tip is 
scanned over an area to produce a 
topological height map of the surface. 
AFM is a powerful technique that 
achieves nm-order precision in both 
the horizontal and vertical directions. 
Figure 4.3 shows a 2 x 2 µm2 
area AFM image of graphene grown 
on SiC. The SiC substrate initially 
contains a large number of steps like 
the one seen in the upper right of this 
sample. These are due to miscuts 
during manufacturing, as in practice 
it is impossible to perfectly cleave 
the crystal along the (0001) surface.16 
Annealing of SiC wafer results in 
bunching which increases both the width and height of the steps on the surface. Because AFM image 
provides no information about the chemical or electronic properties of the sample, it is impossible to 
determine the number of graphene layers. However, it is possible to identify graphene regions by 
examining the change in height at sheet edges. We can determine that the light blue area of the plot is 
likely a monolayer graphene sheet. When grown under high vacuum, graphene exhibits grain sizes only 
30-200 nm in size.3,13 In contrast, in our sample, the rarity of defects and homogeneity of the surface 
allows us to state with confidence that the sample contains terraces larger than 1 µm. This result is 
consistent with published reports of graphene grown on 6H-(0001) SiC under an Ar atmosphere, and 
indicates that our sample is high-quality graphene.10 
4.2.3.  Characterization for the number of graphene layers by ARPES 
After graphene was grown on SiC(0001) the ratio of various layer number in the sample was 
determined using angle-resolved photoemission spectroscopy (ARPES).  ARPES is a powerful tool to 
directly determine the band structure in various materials.  Since the band structure of monolayer, 
Figure 4.3: AFM image of (a) graphene grown by annealing 
6-H SiC(0001) for 2 minutes at 1580°C under a 1.1MPa Ar 
atmosphere.  The height profile (b) illustrates the flatness of 
the surface. 
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bilayer, etc. graphene are each distinct, it is possible to distinguish their signature using ARPES. At the 
K point of the first Brillouin zone in graphene, monolayer exhibits a single linear π and π* band which 
are degenerate at Dirac point, whereas bilayer exhibits two parabolic π and two π* bands (Fig. 4.4). For 
larger layer numbers, the number of π and π* bands corresponds to the number of graphene layers. For 
very thick samples, the band structure converges to a graphite-like dispersion.17 
The spot size of the ARPES light source is roughly 2 mm at the sample surface. Given the 
significantly smaller size of the graphene terraces, imaging multiple domains is often unavoidable. 
Samples are not homogenous, so that several areas of different layer number may be measured 
simultaneously. These samples are unsuitable for use in ARPES experiments, since the final sample 
will contain several areas with mixed electronic structures [Fig. 4.4(b)]. The bilayer samples selected 
for fabricating intercalated bilayer graphene were composed primarily of bilayer graphene  [Fig. 4.4(c)]. 
4.3.  Fabrication of Alkali-Metal Intercalated Bilayer Graphene 
In this section, we describe the process used to fabricate alkali-metal (potassium, rubidium, and 
cesium) intercalated bilayer graphene. Intercalated samples were synthesized starting from 
homogenous bilayer graphene created using the methods above. Due to the high reactivity of alkali 
metals in air, all samples were synthesized and measured in situ using the “surface chamber” attached 
to the 2002 ARPES system at Tohoku University (Section 3.2). Here, it noted that the synthesis of 
these bilayer intercalation compounds, which represent the thinnest possible limit of the graphite 
intercalation compounds C8K, C8Rb, and C8Cs, has not been reported in previous literature. As a result, 
the details of their synthesis and characterization comprise an important part of this thesis. 
Figure 4.4: ARPES dispersions for (a) monolayer, (b) mixed, and (c) primarily bilayer graphene samples. 
The monolayer bands are traced in blue, and the bilayer in red. 
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4.3.1. Alkali Metal Layered Structures in Graphite Intercalation Compounds 
The intercalation and ordering of alkali metals on pristine graphite has been investigated by a 
variety of previous works.  In order to understand the mechanisms of alkali metals intercalation in 
bilayer graphene on SiC, it is useful to give a brief overview of prior research regarding K, Rb, and Cs 
intercalation. All of these studies examine the deposition of alkali metals onto graphite under high 
vacuum, similar to the present work. In the following discussion, one metal monolayer (ML) refers to a 
tight-packed configuration with (2x2) periodicity relative to the graphene lattice. 
Alkali metals deposited on graphene or graphite are expected to intercalate and migrate primarily 
from step edges or defects in the graphene sheet.18,19 Direct penetration of the graphene sheet itself is 
extremely unfavorable, as breaking the graphene sheet requires a very large amount of energy.20 
Previous studies of potassium deposition on graphite have indicated that alkali metal intercalation 
proceeds in a layer-by-layer fashion. Complete intercalated layers first form in the interlayer space of 
the topmost two layers, before dispersing into the bulk.21–23 For cesium, intercalation has been reported 
to begin at very low (< 0.3 ML) coverage, after which the spreading of the graphene sheets lowers the 
energy barrier for intercalation and the proceeds rapidly.19 This supports the case for layer-by-layer 
intercalation, with surface atoms preferring to accumulate at the graphene interlayer rather than the 
surface. The Temperature of graphite sample during alkali-metal deposition also plays a important role 
in the intercalation process, since some a minimum of energy is necessary for metal atoms to penetrate 
between the graphene sheets. For K on graphite, it has been demonstrated that intercalation occurs 
rapidly even for low substrate temperatures. At 50 K, sub-monolayer potassium was observed to 
intercalate completely within 30 minutes.24,25 The time for total intercalation decreases as substrate 
temperature is increased.24 Similarly, the temperature required for intercalation is expected to increase 
with increasing intercalant atomic radius,20,26 as large atoms require more energy to enter the interlayer 
space.  The formation of an ordered alkali-metal monolayer (ML) has been observed in numerous 
studies of K-adsorbed graphite. A high coverage above potassium 0.9 ML deposited on graphite is 
found to show (2x2) structure consistent similar to the bulk GIC C8K.24,27,28 The creation of a (2x2) 
structure has also been reported for K atoms deposited at room temperature into graphite grown on 
SiC29. Based on experimental evidence, it is not believed that K atoms intercalate beneath the first 
graphene layer, or buffer layer when deposited on SiC30. In contrast to K, Rb intercalation into graphite 
has not been comprehensively studied 27. However, studies of Rb evaporated onto graphite grown on 
SiC demonstrate the creation of a (2x2) structure similar to bulk GICs,29,31 although the folding of the p 
bands was not observed. Core level spectroscopy of Rb-doped graphene on SiC demonstrates only a 
small shift of Si energy levels, indicating that Rb is resistant to intercalation of the buffer layer or first 
graphene monolayer.32 Furthermore, neither band folding nor a (2x2) pattern have been reported, even 
at liquid nitrogen temperatures.32 The structure of cesium on graphite is more controversial than that of 
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K or Rb. In bulk GICs, C8Cs exhibits (2x2) in-plane ordering. Cs-deposited graphite has also been 
shown to form a (2x2) structure at high coverage, similar to K and Rb.33,34 However, Cs-deposited 
graphite also exhibits an incommensurate rotated structure with spacing slightly different from the 
(2x2), denoted (2x2)*,33,34 as well as a (√3x√3) phase.34 While the (2x2) structure is believed to be 
intercalated, the (2x2)* and (√3x√3) structures are predicted to be surface phases, as neither is found in 
bulk C8Cs.18,35 The unique propensity of Cs to form various surface structures may be due to its large 
ionic radius, which leads to good matching between the lattice spacing of bulk Cs metal and the (2x2) 
lattice of graphene.18,34 This lowers the formation energy for metallic layers, and increases the stability 
of adsorbed Cs monolayers compared to K or Rb.26 On SiC, neither the intercalation of Cs into 
graphene or intercalation below the buffer layer have been demonstrated.32 In addition, neither band 
folding nor the creation of a (2x2) LEED pattern has been reported.32 
 Based on these studies, bilayer graphene on SiC is expected to be a good platform for the 
synthesis of alkali-metal intercalation compounds. In accordance with studies on bulk graphite, and 
graphite grown epitaxially on SiC, intercalation of K into the bilayer should proceed rapidly even at 
low temperatures, forming of a (2x2) layer in the interlayer space.21,22,36 Rb and Cs atoms deposited on 
bilayer graphene can also be expected to behave similarly to graphite,27 although the intercalation of Cs 
on SiC-substrate graphite has not yet been demonstrated.29 
4.3.2. Sample Preparation 
After synthesizing Bilayer graphene on SiC using the procedure described above, the layer 
number was carefully checked to ensure that samples were composed of homogenous bilayer graphene. 
Graphene samples were transferred in atmosphere from the synthesis chamber to the ARPES system. 
After insertion into the system, the system was kept at a base pressure of 3x10-10 Torr. Samples were 
annealed in UHV using resistive heating through the application of direct current while monitoring 
temperature with an infrared pyrometer. The temperature of the sample was increased to 800°C for 25 
minutes, or until the vacuum recovered to the base pressure. This procedure was found to effectively 
eliminate all residual gasses from the sample.   
Alkali metals were deposited from SAES getter cells (K, Rb, and Cs). SAES getter cells were 
resistively heated by connection to a DC power source. Before the deposition of alkali metals, getter 
cells were degassed at 4 A for 10 minutes, or until the chamber returned to base pressures. The 
deposition rate was checked using a quartz microbalance, with which the onset current for metal 
evaporation was determined. In all cases the sample was oriented facing the getter source, at a distance 
of ~5-10cm.  In order to synthesize K and Rb intercalated samples, the graphene substrate was cooled 
to 90K by funneling liquid N2 into the sample stalk over a period of approximately one hour. In these 
cases, low temperature was found to increase the sample quality. The sharpness of LEED images was 
observed to increase for a period of ~30 minutes after deposition. This effect may be due to the time 
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required for intercalation, which has been demonstrated to occur over a similar timescale for K-
deposited graphite.36 On the other hand, the deposition of Cs atoms on bilayer graphene was performed 
at room temperature. For Cs-deposited samples fabricated at 90K clear band folding was not observed, 
and ARPES data indicated the presence of multiple Dirac cones at the K point. This result indicates 
that the sample was highly inhomogeneous, and suggests the incomplete intercalation of Cs atoms. We 
believe that it may be comparatively difficult to intercalate Cs into bilayer graphene at low temperature, 
either because of the larger energy required for Cs atoms to penetrate between graphene sheets, or the 
greater tendency of Cs atoms to form metallic islands on the surface of graphene due to the good 
agreement of the metallic Cs lattice spacing with the lattice of graphene.18,22,34 
4.4. Characterization of Intercalated Bilayer Graphene 
4.4.1. LEED Measurement 
LEED is a powerful tool for the crystal surface characterization. For intercalated bilayer 
graphene, C8KC8, C8RbC8, or CsxC8CsC8 fabricated by alkali metal deposition on bilayer graphene, we 
expect to observe a clear (2x2) pattern not present in pristine bilayer graphene by LEED. This pattern 
originates from the intercalated metal layer. 
In Figures 4.5(a) and 4.5(b), we show the LEED pattern on K or Rb deposited bilayer graphene 
on SiC. After the deposition of K and Rb, the (1x1) Si LEED spots and (6√3x6√3)R30º buffer spot 
pattern is weakened.  Previously, for H-intercalated graphene on SiC, this disappearance was suggested 
to be the result of hydrogen termination on the substrate surface.1 However, it has already been 
confirmed based on core level photoemission that K, Rb, and Cs do not intercalate into the buffer layer 
space.20,37 Consequently, we attribute the decrease in intensity of these spots primarily to an increase 
the lattice constant of the c-axis in between bilayer graphene, caused by the addition of the intercalated 
atoms. As the mean free path of LEED electrons used in this study is only a few atomic layers, an 
increase in layer thickness decreases the intensity of spots originating form the buffer and substrate. 
Figure 4.5: The LEED patterns on (a) C8KC8 and (b) C8RbC8. (c) The schematic crystal structure of 
intercalated bilayer graphene. 
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Disorder of the intercalated atoms may also explain why these spots are more difficult to observe, as 
the introduction of defects in the crystal results in smearing of the pattern and an increase in 
background intensity. The additional (2x2) structure observed after depositing K and Rb atoms into 
bilayer graphene is consistent with that observed in bulk GICs. This is good evidence that the K and Rb 
atoms are well ordered into bilayer graphene, and that they do not intercalate into the buffer space.  For 
comparison, Rb atoms were also deposited on monolayer graphene. While a (2x2) pattern was found at 
low temperature, the quality of the pattern was markedly worse than for the bilayer case. Furthermore, 
a (2x2) pattern is observed at room temperature, which is not expected for a non-intercalated layer, as 
K and Rb atoms should be in a liquid phase at low pressures.38 The observation of the (2 x 2) pattern is 
thus consistent enhanced ordering of the atoms by intercalation between the bilayer (C8KC8, C8RbC8) 
[Fig. 4.5(c)]. 
In Cs-deposited bilayer graphene, we do not observe the (1x1) Si and (6√3x6√3)R30 buffer spots 
[Fig. 4.6(a)]. This result is consistent a large interlayer separation of the graphene sheets caused by Cs 
atoms, which should decrease the number of substrate-diffracted electrons that are able to escape to the 
detector.  We also observe a (2x2) pattern similar to K and Rb intercalated bilayer graphene, and bulk 
GICs.  Additionally, at low primary electron energy, two unconventional LEED spots are found to the 
inside of the (2x2) pattern [Fig. 4.6(b)], which form a triangular shape (2x2)*. This pattern is consistent 
with the (2x2)* phase observed on bulk graphite, suggesting the formation of a nearly commensurate 
Cs surface phase.33,34 The two 
additional LEED spots are the result 
of a slight increase in the cesium 
atom spacing relative to the (2x2) 
graphene vector, as well as a small 
rotation. The agreement of this 
pattern to the bulk graphite case is 
especially apparent at low 
temperature, where the sharpness of 
the LEED image is improved [Fig. 
4.6(c)].  Based on electronic structure 
data gathered using ARPES (Chapter 
7), it has been determined that the 
nearly commensurate (2x2)* Cs layer 
is formed on the surface of the 
bilayer graphene, while the (2x2) 
layer is intercalated. This structure 
Figure 4.6: The LEED pattern of CsxC8CsC8 taken at (a,b) 
room temperature, and (c) 90K. The LEED pattern shows 
good agreement with (d), the pattern reported by Wu et al 
for the (2x2) + (2x2)* phase of cesium on graphite.34 
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corresponds to Cs-intercalated bilayer graphene (C8CsC8) with a nearly commensurate Cs overlayer, 
CsxC8CsC8.  
4.4.2. Characterization by ARPES  
As a final step in the fabrication process, samples were checked by ARPES in order to confirm 
intercalation and ordering of the adatoms. The chemical potential shift, band folding, and interlayer 
band were observed. As these are essential components of the intercalation compound electronic 
structure, their observation gives an excellent confirmation of sample quality. 
The shift of the chemical potential, resulting in an increase in and binding energy, is a common 
feature of donor class GICs.39 This effect is also observed in samples that have been doped without 
intercalation,40,41 and as such merely confirms the presence of donor atoms.  
Band folding is a common electronic feature of GICs.39,42–44 Folded bands emerge from the 
presence of a regular potential created by patterned absorption or intercalation of the dopants. The 
crystal structure of the adatom layer creates a smaller Brillion zone, into which the graphene-derived 
bands are folded.42,43 For C8K, RbC8, and C8Cs, this zone is exactly half the size of the original 
graphene Brillouin zone. Band folding indicates long-range ordering of the dopant atoms, and its 
presence in the current samples is a guarantee of high sample quality.39,41,45–47 
GICs and doped graphene with long-range dopant ordering are also expected to exhibit a free-
electron-like band at the Γ point.48–50 This band is the dopant-derived interlayer (or overlayer) band. 
Only a small number of ARPES studies have been able to measure the interlayer band,42,51,52 while 
many more have failed to detect it.29,46,53–56 Consequently, the detection of an interlayer band is strong 
evidence of a pristine, well-ordered sample. 
4.5. Conclusion 
Using both LEED and ARPES measurements, the fabrication of C8KC8, C8RbC8 and CsxC8CsC8 
bilayer graphene GICs has been confirmed. Pristine bilayer graphene were prepared from an SiC 
substrate by direct resistive heating, and intercalated bilayer graphene were fabricated by alkali metal 
deposition on bilayer graphene. We observed a (2x2) superstructure by LEED consistent with that of 
bulk C8K, C8Rb, and C8Cs. As shown in the next chapter, a Fermi level shift, folding of the graphene π 
bands, and the observation of an interlayer band by high-resolution ARPES were all confirmed. These 
results indicate that we have succeeded at fabricating the thinnest limit of alkali metal intercalation 
compounds. 
  
Chapter 4: Sample Fabrication 
62 
4.6. References 
1 C. Riedl, C. Coletti, and U. Starke, J. Phys. D. Appl. Phys. 43, 374009 (2010). 
2 U. Starke and C. Riedl, J. Phys. Condens. Matter 21, 134016 (2009). 
3 J. Hass, W. a de Heer, and E.H. Conrad, J. Phys. Condens. Matter 20, 323202 (2008). 
4 A. Mattausch and O. Pankratov, Phys. Rev. Lett. 99, 076802 (2007). 
5 M. Hollering, J. Bernhardt, J. Schardt, A. Ziegler, R. Graupner, B. Mattern, A.P.J. Stampfl, U. Starke, 
K. Heinz, and L. Ley, Phys. Rev. B 58, 4992 (1998). 
6 I. Forbeaux and J. Themlin, Phys. Rev. B 58, 396 (1998). 
7 M. Hupalo, E. Conrad, and M. Tringides, Phys. Rev. B 80, (2009). 
8 K. V. Emtsev, F. Speck, T. Seyller, and L. Ley, Phys. Rev. B 77, (2008). 
9 W. Norimatsu and M. Kusunoki, Phys. E Low-Dimensional Syst. Nanostructures 42, 691 (2010). 
10 K. V Emtsev, A. Bostwick, K. Horn, J. Jobst, G.L. Kellogg, L. Ley, J.L. McChesney, T. Ohta, S. a 
Reshanov, J. Röhrl, E. Rotenberg, A.K. Schmid, D. Waldmann, H.B. Weber, and T. Seyller, Nat. 
Mater. 8, 203 (2009). 
11 A. Mattausch and O. Pankratov, Density Functional Study of Graphene Overlayers on SiC (2008). 
12 F. Varchon, R. Feng, J. Hass, X. Li, B. Nguyen, C. Naud, P. Mallet, J.-Y. Veuillen, C. Berger, E. 
Conrad, and L. Magaud, Phys. Rev. Lett. 99, 3 (2007). 
13 T. Ohta, F. El Gabaly, A. Bostwick, J.L. McChesney, K. V Emtsev, A.K. Schmid, T. Seyller, K. 
Horn, and E. Rotenberg, New J. Phys. 10, 023034 (2008). 
14 S.Y. Zhou, G.-H. Gweon, A. V Fedorov, P.N. First, W.A. de Heer, D.-H. Lee, F. Guinea, A.H. 
Castro Neto, and A. Lanzara, Nat. Mater. 6, 770 (2007). 
15 J. Northrup, Phys. Rev. B 52, 1 (1995). 
16 F.J. Ferrer, E. Moreau, D. Vignaud, D. Deresmes, S. Godey, and X. Wallart, J. Appl. Phys. 109, 
054307 (2011). 
17 A. Grüneis, C. Attaccalite, L. Wirtz, H. Shiozawa, R. Saito, T. Pichler, and A. Rubio, Phys. Rev. B 
78, 205425 (2008). 
18 M.S. Dresselhaus and G. Dresselhaus, Adv. Phys. 51, 1 (2002). 
19 M. Petrović, I. Šrut Rakić, S. Runte, C. Busse, J.T. Sadowski, P. Lazić, I. Pletikosić, Z.-H. Pan, M. 
Milun, P. Pervan, N. Atodiresei, R. Brako, D. Šokčević, T. Valla, T. Michely, and M. Kralj, Nat. 
Commun. 4, 2772 (2013). 
20 D.W. Boukhvalov and C. Virojanadara, Nanoscale 4, 1749 (2012). 
21 M. Breitholtz, T. Kihlgren, S.-Å. Lindgren, and L. Walldén, Phys. Rev. B 66, (2002). 
22 N. Wu and A. Ignatiev, Phys. Rev. B 28, 7288 (1983). 
23 E. Ziambaras, J. Kleis, E. Schröder, and P. Hyldgaard, Phys. Rev. B 76, 155425 (2007). 
24 J. Barnard, K. Hock, and R. Palmer, Surf. Sci. 287, 178 (1993). 
25 Z. Li, K. Hock, and R. Palmer, Phys. Rev. Lett. 67, 1562 (1991). 
26 K. Rytkönen, J. Akola, and M. Manninen, Phys. Rev. B 75, 075401 (2007). 
27 M. Caragiu and S. Finberg, J. Phys. Condens. Matter 17, R995 (2005). 
28 Z. Li, K. Hock, R. Palmer, and J. Annet, Science (80-. ). 103, 3 (1991). 
29 J. Algdal, T. Balasubramanian, M. Breitholtz, T. Kihlgren, and L. Walldén, Surf. Sci. 601, 1167 
(2007). 
30 C. Virojanadara, S. Watcharinyanon, a. Zakharov, and L. Johansson, Phys. Rev. B 82, 1 (2010). 
Chapter 4: Sample Fabrication 
63 
31 N. Kambe, G. Dresselhaus, and M. Dresselhaus, Phys. Rev. B 21, 3491 (1980). 
32 S. Watcharinyanon, C. Virojanadara, and L.I. Johansson, Surf. Sci. 605, 1918 (2011). 
33 Z.. Hu, N.. Wu, and A. Ignatiev, Phys. Rev. B 33, 7683 (1986). 
34 N.J. Wu, Z.P. Hu, and A. Ignatiev, Phys. Rev. B 43, 3805 (1991). 
35 T. Enoki, M. Endo, and M. Suzuki, Graphite Intercalation Compounds and Applications (Oxford 
University Press, 2003). 
36 K. Hock and R. Palmer, Surf. Sci. 284, 349 (1993). 
37 S. Watcharinyanon, L.I. Johansson, C. Xia, and C. Virojanadara, J. Appl. Phys. 111, 083711 (2012). 
38 D.R. Lide, editor , CRC Handbook of Chemistry and Physics, 84th ed. (CRC Press, Boca Raton, FL, 
2003). 
39 H. Kamimura, K. Nakao, T. Ohno, and T. Inoshita, Phys. B 99, 401 (1980). 
40 M. Bianchi, E.D.L. Rienks, S. Lizzit, A. Baraldi, R. Balog, L. Hornekær, and P. Hofmann, Phys. Rev. 
B 81, 041403 (2010). 
41 A. V Fedorov, N.I. Verbitskiy, D. Haberer, C. Struzzi, L. Petaccia, D. Usachov, O.Y. Vilkov, D. V 
Vyalikh, J. Fink, M. Knupfer, B. Büchner, and A. Grüneis, Nat. Commun. 5, 3257 (2014). 
42 K. Kanetani, K. Sugawara, T. Sato, R. Shimizu, K. Iwaya, T. Hitosugi, and T. Takahashi, Proc. Natl. 
Acad. Sci. U. S. A. 109, 19610 (2012). 
43 K. Sugawara, K. Kanetani, T. Sato, and T. Takahashi, AIP Adv. 1, 022103 (2011). 
44 I.I. Mazin and A. V. Balatsky, Philos. Mag. Lett. 90, 731 (2010). 
45 T. Takahashi, N. Gunasekara, T. Sagawa, and H. Suematsu, J. Phys. Soc. Japan 55, 3498 (1986). 
46 N. Gunasekara, T. Takahashi, F. Maeda, T. Sagawa, and H. Suematsu, Zeitschrift Für Phys. B 
Condens. Matter 70, 349 (1988). 
47 D. Haberer, L. Petaccia, A. V. Fedorov, C.S. Praveen, S. Fabris, S. Piccinin, O. Vilkov, D. V. 
Vyalikh, A. Preobrajenski, N.I. Verbitskiy, H. Shiozawa, J. Fink, M. Knupfer, B. Büchner, and A. 
Grüneis, Phys. Rev. B 88, 081401 (2013). 
48 G. Csányi, P.B. Littlewood, A.H. Nevidomskyy, C.J. Pickard, and B.D. Simons, Nat. Phys. 1, 42 
(2005). 
49 B. Uchoa, C.-Y. Lin, and A. Castro Neto, Phys. Rev. B 77, 035420 (2008). 
50 T.P. Kaloni, M. Upadhyay Kahaly, Y.C. Cheng, and U. Schwingenschlögl, EPL (Europhysics Lett. 
98, 67003 (2012). 
51 K. Sugawara, T. Sato, S. Souma, T. Takahashi, and H. Suematsu, Phys. Rev. B 73, 045124 (2006). 
52 S.-L. Yang, J.A. Sobota, C.A. Howard, C.J. Pickard, M. Hashimoto, D.H. Lu, S.-K. Mo, P.S. 
Kirchmann, and Z.-X. Shen, Nat. Commun. 5, 4493 (2014). 
53 T. Valla, J. Camacho, Z.-H. Pan, A.V. Fedorov, A.C. Walters, C.A. Howard, and M. Ellerby, Phys. 
Rev. Lett. 102, 107007 (2009). 
54 A. Grüneis, C. Attaccalite, A. Rubio, D.V. Vyalikh, S.L. Molodtsov, J. Fink, R. Follath, W. 
Eberhardt, B. Büchner, and T. Pichler, Phys. Rev. B 79, 205106 (2009). 
55 Z.-H. Pan, J. Camacho, M.H. Upton, A.V. Fedorov, C.A. Howard, M. Ellerby, and T. Valla, Phys. 
Rev. Lett. 106, 187002 (2011). 




Chapter 4: Sample Fabrication 
64 
 
Chapter 5: ARPES Study of K-Intercalated Bilayer Graphene, C8KC8 
 65 
5. ARPES Study of K-Intercalated Bilayer 
Graphene, C8KC8 
5.1. Introduction 
In this chapter, we present angle-resolved photoemission results on the thinnest limit of the bulk 
GIC C8K, K-intercalated bilayer graphene C8KC8. By investigating the band structure of this material, 
we have identified several unique GIC-derived features not present in pristine bilayer graphene.  
Specifically, we show large charge transfer, an increase in the band gap, and band folding due to the 
metal superstructure. While neither the interlayer band nor strong electron-phonon coupling could be 
measured in detail, we find basic evidence for their presence in the current data. Based on this, we 
discuss the possibility of superconductivity in C8KC8.1–3 
5.2. Experimental Conditions 
In order to ensure atomically clean surfaces, samples are prepared in situ using the methods 
described in Chapter 4. Samples were cooled to 30K using liquid helium during ARPES measurements. 
At this temperature, the crystal structure is stable, and neither intercalation nor de-intercalation should 
occur.4 The measurement chamber was kept at a pressure better than 2 x 10-11 Torr during the 
experiment. All data was collected using the VG-SCIENTA SES-2002 system at Tohoku University, as 
described in Chapter 3. Energy and angular resolutions were set to 16 meV and 0.2° (0.01 Å-1), 
respectively. 
5.3. Electronic Structure Results 
Figure 1 shows the valence-band ARPES spectra of pristine and K-intercalated bilayer graphene 
measured along the Γ-K line.  We clearly observe several highly dispersive bands feature in both 
pristine and K-intercalated bilayer graphene, indicating that the fabricated samples are high quality 
single crystalline structure.  The signature of the π bands, formed by the graphene pz orbitals, is 
apparent in both results.  It has a minimum near 8.3 eV at the Γ point in pristine bilayer graphene, and 
disperses towards the Fermi level at larger k vectors. At the K point, the intersection of the π band with 
the antibonding π* band, which forms the Dirac cone in monolayer graphene, is also found in the K-
intercalated sample. The dispersion of the σ band, which is responsible in plane carbon-carbon bonding, 
is also observed,5,6 which has a maximum at the Γ point, with a binding energy of approximately 4.4 
eV, and shifts to lower energies in the Γ-K direction.  After intercalation, drastic changes in the spectra 
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Figure 5.1:  ARPES spectra along the Γ-K-M direction for (a) bilayer graphene, (b) K-intercalated 
bilayer graphene.  
 




Figure 5.2: Second derivative ARPES intensity map for (a) bilayer graphene, (b) K-intercalated bilayer 
graphene. The white arrow in (b) indicates the position of the folding band. 
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are observed. Due to the transfer of electrons from the intercalated K atoms, the valence band structure 
of pristine bilayer graphene is shifted in C8KC8. The σ and π bands at the Γ point of C8KC8 are 
observed at 9.3 eV and 5.2 eV, respectively, a semi-rigid shift of ~0.8 eV relative to pristine bilayer 
graphene on SiC. This indicates that K atoms result in large electron doping to graphene layers, which 
does not significantly alter the bonding or structure of the graphene sheets. 
In order to clearly discern the band dispersion, the second derivative of the intensity was taken 
with respect to binding energy (Fig. 5.2). This transformation helps to clarify closely spaced or 
overlapping peaks, and features that may otherwise be difficult distinguish from the background. In 
C8KC8 we find an intense structure at the midpoint of the graphene K and Γ points (labeled K’), the 
first K point of the C8KC8 Brillouin zone, in both the second derivative and raw ARPES spectra  (Figs. 
5.1 and 5.2). This feature is the result of folding of the graphene-derived bands into the Brillouin zone 
of C8KC8. Since reciprocal lattice vectors of the (2 x 2) structure of C8KC8 are twice as long as those of 
the graphene lattice, the resulting first Brillouin zone of C8KC8 is exactly one quarter the size of the 
original graphene zone. Folding bands are also found in bulk GIC samples,7,8 as they are a direct 
consequence of the periodic structure of the intercalated metal atoms. The dispersion of the bands at 
the K’ point is in good agreement with the bands at the K point, consistent with folding of the π bands 
into the C8KC8 Brillouin zone. The observation of folding bands in the present sample indicates strong 
ordering of the metal atoms consistent with intercalation. In addition to the folded bands, non-
dispersive features at 2.7 eV and 4.1 eV are observable from the second-derivative plot of the K doped 
sample. Similar features have also been found for K-intercalated multilayer graphene on SiC.9 These 
peaks are attributed to the quasielastic scattering of electrons from the high density of states of the π 
band found near the K (2.7 eV) and M (4.1 eV) points. The feature at 4.1 eV appears significantly 
stronger near the Γ point, which is attributed to the folding of the bottom of the π band from the M to 
the Γ point.  Similar scattering may also occur from the top of the σ band and the bottom of the π bands 
at the Γ point, although it is significantly less pronounced [Fig. 5.2(c)]. Dispersion-less features 
attributed to quasielastic scattering are also found in C8RbC8 (Chapter 6).  
Figure 5.3 shows the band dispersion around the graphene K point. Ideal bilayer graphene is a 
perfect semimetal, where the π and π* bands perfectly degenerate at the Fermi level.10 However, for 
bilayer graphene grown on SiC(0001), the midpoint of the π band π* band (Dirac point), occurs at a 
binding energy of 330 meV. This shift is due to charge transfer from dangling bonds at the  interface of 
the buffer layer and the SiC substrate.5,11 Intercalation of the K atoms is found to further shift the Dirac 
point to 1.35 eV. This is similar to recent ARPES measurements, which have found a Dirac-point of 
1.3 eV for bulk C8K (Refs. 2,12). However, the present experiment also includes small Dirac point 
shift caused by the SiC substrate, indicating that the actual shift due to K atoms may be less than in the 
bulk case. Another important aspect of the K point dispersion is the band gap between the π and π* 
bands. While theoretical works on bulk C8K predict that the material should not exhibit a band gap,8,13 
Chapter 5: ARPES Study of K-Intercalated Bilayer Graphene, C8KC8 
 69 
experimental studies have reported a variety of values ranging from 0.0 eV to ~1.0 eV.2,7,9,12,14 To 
estimate the gap in this study, we determined the band dispersion by fitting the peaks using Lorentzians 
for a series of momentum distribution curves (MDC). This was supplemented near the Dirac point by 
energy distribution curve (EDC) fits, as the decrease in slope near the bottom of the band makes MDC 
fitting unreliable. In order to improve the quality of our estimate, these peaks were subsequently fitted 
with an AB or AA stacking third-nearest neighbor tight-binding function for bilayer graphene and 
C8KC8 , respectively. For the case of bilayer graphene the terms of the Hamiltonian were similar to 
those used for previous studies of bilayer graphene on SiC.5,15 For C8KC8, an additional intralayer 
asymmetry parameter (Δ) was added to model the band gap. Using this method, we found the band gap 
to be ~0.4 eV. Including the inherent band gap of 0.12 eV in bilayer graphene on SiC,16 the observed 
band gap represents only a modest increase relative to the pristine case. Some theoretical studies have 
predicted that a band gap may open for intercalated graphene on SiC dependent on the graphene-
dopant spacing, where small spacing causes buckling of the graphene sheets.17,18 It is also possible that 
the gap opens due to interaction wit the SiC substrate, which is known to contribute to band gap 
opening in pristine graphene.11,15,19 
In order to elucidate the near Fermi level electronic structure of our sample, we compare the 
Figure 5.3: Band structure near EF around K point for (a) prinstine and (b) K-intercalated bilayer 
graphene grown on SiC (0001). Dotted red lines show the fitted bands determined using a third-nearest 
neighbor tight-binding model.  
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Figure 5.4: ARPES spectral intensity near EF for (a) pristine bilayer graphene on SiC, and (b) K-
intercalated bilayer graphene as a function of two-dimensional wave vector k.  Intensity at EF is obtained 
by integrating the ARPES spectra within ± 30 meV of EF.  Broken and solid lines show the two-
dimensional Brillouin zone of graphene and the (2 x 2) C8KC8 compound. Red lines illustrate the Fermi 
surface determined directly from the experimental data, while dotted red lines show the predicted 
interlayer Fermi surface. 
 
Chapter 5: ARPES Study of K-Intercalated Bilayer Graphene, C8KC8 
 71 
 ARPES intensity at EF for [Fig. 5.4(a)] pristine bilayer graphene and [Fig. 5.4(b)] K-intercalated 
bilayer graphene at as a function of the in-plane wave vectors kx and ky. The Fermi surface is found to 
be significantly enlarged relative to pristine bilayer graphene5,11 as shown in Figure 4. In K-intercalated 
bilayer graphene an intense, double-triangular feature exists at the K point. This is attributed to the 
electron-doped π* band of graphene. In contrast, the π* band in pristine bilayer graphene is much 
smaller, and exhibits a nearly circular structure. The topology of the Fermi surface shape from circular 
to triangular is consistent with both calculations for graphene,10 and previous experimental results.11,20 
The intensity of the π* bands is highly inhomogeneous at the Fermi surface, with a significantly larger 
intensity in the K-M direction than in the K-Γ direction. This is the result of interference between 
electrons with opposite chirality on the A and B sublattices, which suppresses the observed intensity in 
the K-Γ direction.21,22 At the K point of the C8K Brillouin zone (labeled K’), another set of triangular 
Fermi surfaces with dispersion similar to the K point surface are visible. As discussed above, these 
originate from the π* bands, which are folded from the graphene K point by the regular potential of the 
(2x2) alkali-metal layer. These folded bands are a universal feature of C8M GICs, which have been 
reported in a variety of bulk compounds.7,13,14,23  
Based on the size of the Fermi surface, it is possible to estimate the number of valence electrons. 
This is done by tracing the Fermi surface in the first C8KC8 Brillouin zone. The total area of the Fermi 
surface is then divided by the area of the Brillouin zone, and multiplied by two to account for up/down 
spin degeneracy. Using this procedure, we find a total of 0.7 e- at the graphene π* bands. 
5.4. Discussion 
5.4.1. Interlayer Band 
Bulk GICs have been predicted to exhibit a free-electron-like band at the Γ point derived from an 
interaction of the graphene interlayer state with the valence orbitals of the intercalated metal.3,24 
Notably, this band has not been found in ARPES studies of K-absorbed graphene,25,26 bilayer 
graphene,5,11 or bulk alkali-metal GICs.2,7,12,14 As shown in Figure 5, although we find a significant 
finite intensity around the Γ point at binding energies less than 0.5 eV, the band dispersion of the free-
electron like state could not be measured. This is similar to previous ARPES studies, which confirmed 
a fin ite intensity increase but did not observe a clear band dispersion.7,14 However, we estimate 
interlayer band occupancy of 0.3 e-/unit cell from the observed occupancy of 0.7 e-/unit cell at the π 
bands, the observation of a (2x2) structure indicative of C8KC8 stoichiometry, and previous observation 
of complete or nearly complete (1 e-/unit cell) ionization of alkali atoms with monovalent nature 
intercalated into bilayer graphene.6,27,28 Assuming that the interlayer band exhibits a circular Fermi 
surface dispersion (as predicted by calculations23,29,30) we estimate a Fermi vector of k = 0.30 Å-1, 
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shown by the dotted line in Figure 4. The difficulty of observing the interlayer band in the present 
experiment is attributed to the close proximity of the folded π bands, which cross EF at kx = 0.45 Å-1. 
The folded bands contribute to increased background near the Γ point, which makes it difficult measure 
the dispersion of the interlayer band with precision. The presence of a Van-Hove singularity of the π 
bands slightly above EF31 may further smear the intensity of the π* bands toward the Γ point. Such 
smearing can be seen from the Fermi surface around K and K’ points, where the intensity at the corners 
of the π* Fermi surface is clearly smeared in the K-M and K’-Γ directions. Occupation of the interlayer 
band in C8KC8 is notable, since it is strongly associated with the presence of superconductivity in bulk 
GICs.3,32,33 
5.4.2. Charge Transfer 
The total electron doping of the π* bands was found to be 0.7 e-/C8KC8 unit cell, while the 
interlayer band was estimated to have 0.3e-/C8KC8 unit cell. This constitutes a transfer or 70% of the 
Figure 5.5: Band structure near EF around Γ point for (a) K-intercalated and (b) pristine bilayer graphene.  
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valence charge (1 e-/unit cell) from the potassium atoms to the graphene-derived bands. Previous 
experimental studies disagree significantly on the degree of charge transfer in bulk C8K, with reported 
values of 80%,12 50%,7 and 44% ionization.2 First principles studies have similarly struggled to predict 
the degree of total charge transfer from potassium atoms, and disagree significantly based on the 
calculation method.29 In the case of our sample, the large ionization of the K atoms may be due to a 
difference in the interlayer spacing.3,17 This is expected to increase the charge transfer to each C atom. 
The charge transfer per C atom is 0.044 e-, while for C8K it is 0.10 e-,12 0.063 e-,7 and 0.055 e-,2 
depending on the various studies. The interlayer spacing has also been shown to greatly alter the 
amount of charge donated from the intercalated atom in the case of bulk GICs.3,17 As bilayer samples 
are expected to exhibit interlayer spacing different bulk samples,17,18,30 it may explain current result. 
5.4.3. Electron-phonon Coupling 
Around K point, a weak kink structure of the π* bands created by mass renormalization is 
observed near 150 meV (Figure 5.6). A similar feature has been reported in studies of doped monolayer 
graphene, and bulk GICs.2,34 The approximate energy observed kink structure agrees well with the in-
plane optical phonon mode of graphene.35,36 This result indicates that the mass renormalization can be 
attributed primarily to electron-phonon coupling. While we were unable to extract a detailed self-
energy, we estimate electron-phonon coupling of approximately λ = 0.3± 0.1. This coupling is larger 
than observed in K-doped monolayer graphene.26,37 In conjunction with the inferred occupation of the 
interlayer band, it indicates that superconductivity may be possible based on electron-phonon coupling, 
similar to bulk C8K.2,38 
Figure 5.6: (a) Near EF band dispersion at the K point of C8KC8. The kink of the band (blue), associated 
with a divergence of the raw spectrum from the tight-binding fit (red) is visible near 150 meV. (b) The 
real part of self-energy for the bands shown in (a). The grey line shows the estimated slope at EF. 
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5.5. Conclusion 
The bilayer graphene intercalation compound C8KC8 was fabricated by intercalation of bilayer 
graphene grown on 6H-SiC(0001).  ARPES measurements show that the K ions absorb into the bilayer 
graphene, forming a (2x2) superstructure similar to bulk C8K. We note folding of the π bands 
consistent with presence of an intercalated, well-ordered metallic alkali metal monolayer. Based on the 
total charge transfer measured from the π* Fermi surface, the valence charge of the potassium atoms, 
and the composition of the compound, we predicted the occupation of the metal-derived interlayer 
band. While the dispersion of the interlayer band could not be clearly resolved, we find a significant 
finite intensity of ARPES spectra near the Γ point consistent with its presence, similar to bulk alkali-
metal GICs.7,14 A quasiparticle kink in the π bands was also observed, consistent with the presence of 
electron-phonon coupling. Based on the evidence for the presence of an interlayer band and electron-
phonon coupling, it is possible that C8KC8 may be able to sustain superconductivity similar to its bulk 
parent C8K. 
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6. ARPES Study of Rb-Intercalated Bilayer 
Graphene, C8RbC8 
6.1. Introduction 
In this chapter, we present ARPES results for the Rb intercalated bilayer graphene C8RbC8. As 
explaining in Chapter 4, after fabricating the thinnest limit of bulk GIC C8Rb, we performed angle 
resolved photoemission spectroscopy.  We observe clear evidence of (2x2) band folding, similar to the 
bulk GIC C8Rb, which confirms the ordering of Rb atoms.1 Furthermore, we are able to directly 
observe a free-electron-like band at the Γ point. We also find strong, anisotropic electron-phonon 
coupling at the graphene π* band.  The observation of such coupling agrees with studies which have 
predicted that bilayer GICs may exhibit strong electron-phonon coupling superconductivity.2,3 Based 
on these results, we discuss the possibility of superconductivity in thinnest limit of C8Rb. 
6.2. Experiment 
Bilayer graphene was prepared on a 6H-SiC(0001) single crystal substrate, and synthesis and 
characterization of C8RbC8 were performed as described in section 4.3. ARPES data was collected 
using a VG-SCIENTA SES-2002 spectrometer with a high-flux helium discharge lamp and a toroidal 
grating monochromator. Measurement was performed using 40.814eV photons generated from the He-
IIα resonance line. The energy and angular resolutions were set at 16 meV and 0.2° respectively. The 
sample was cooled using a liquid helium cryostat, and all measurements were performed at 30 K. An 
ultrahigh vacuum better than 3x10-10 Torr was maintained at all times.  
6.3. Electronic Structure  
Figure 1 shows the valence band dispersion of pristine bilayer graphene, and Rb-intercalated 
bilayer graphene. After intercalation, the dispersion of the graphene σ and π bands remain clear. At the 
Γ point, we find the binding energy of the bands to be 4.9 eV and 8.6 eV, compared to 4.4 eV and 8.3 
eV in pristine bilayer graphene on SiC, for the σ and π bands, respectively. We note that this represents 
a rigid shift of approximately 0.4 eV, indicating that the additional Rb atoms act primarily as ionic 
dopants, and do not drastically alter the electronic structure of the graphene. We also clearly observe 
two non-dispersive features at 15.0 eV and 16.0 eV in the C8RbC8 spectra. These energies agree well 
with the Rb 4p3/2 and Rb 4p1/2 core energy levels.4 
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Figure 6.1:  ARPES spectra along the Γ-K-M direction for (a) bilayer graphene, (b) Rb-intercalated bilayer 
graphene.  
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Figure 6.2: Second derivative ARPES intensity maps of (a) bilayer graphene, and (b) K-intercalated 
bilayer graphene. The white arrow in (b) indicates the position of the folding band. 
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Figure 6.2 shows the second derivative plot of the ARPES spectra from Fig. 6.1. We find highly 
dispersive bands not present in pristine bilayer graphene at both the midpoint of the Γ-K line that 
exhibits a dispersion clearly resembling the Dirac cone found at the K point. These bands are attributed 
to the folding of the π bands from the K point of the graphene Brillouin zone to the K point of the (2 x 
2) C8RbC8 Brillion zone (K’) due to the periodic potential of the intercalated atoms. Around wave 
vectors between 1.7 and 2.5 Å-1 we observe a hole-like structure between 5 eV and 8 eV consistent 
with the σ band observed at the Γ point.  We indicate that this band is attributed to folding of the σ 
band from the graphene Γ point to the M point of C8RbC8. Similar to the case of K-intercalated bilayer 
graphene, we observe additional dispersion-less features near 2.3 eV and 3.5 eV. Similar bands have 
been reported for Rb-intercalated many layer graphene grown on SiC(0001),5 where they were 
attributed to quasi-elastic scattering of electrons from the high-occupancy π states at the K and M 
points, the present results also may be due to quasi-elastic scattering of electrons. Furthermore, we also 
find the quantitative difference in binding energy between the π or σ bands in K and Rb intercalated 
bilayer graphene.   
As shown in Figure 6.3, compared to pristine bilayer graphene grown on SiC, the Dirac point at 
K point is shifted from 0.33 eV to 1.0 eV in Rb-intercalated bilayer graphene due to charge transfer  
Figure 6.3: Band structure near EF around K point for (a) prinstine and (b) Rb-intercalated bilayer graphene 
grown on SiC(0001). Dotted red lines show the fitted bands determined using a third-nearest neighbor tight-
binding model.  
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Figure 6.4: ARPES spectral intensity near EF for (a) pristine bilayer graphene on SiC, and (b) Rb-
intercalated bilayer graphene as a function of two-dimensional wave vector k.  Intensity at EF is obtained 
by integrating the ARPES spectra within ± 30 meV with respect to EF.  Broken and solid lines show the 
two-dimensional Brillouin zone of graphene and the (2 x 2) C8RbC8 compound. Red lines illustrate the 
Fermi surface determined directly from the experimental data, while dotted red lines show the predicted 
interlayer Fermi surface. 
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from the intercalation Rb atoms. Although such a band gap is not theoretically predicted,6 we also find 
a band gap of 0.36 eV between π and π* bands similar to that of previous studies in bulk GICs.1,5,7 
Recent theoretical work has suggested that gap opening in small layer intercalation compounds may be 
due to the buckling of the graphene sheets.8,9 It is also possible that the gap observed here is due to the 
presence of the SiC substrate, similar to the case of pristine monolayer and bilayer graphene.10,11 As 
seen in Figure 6.3(b), we also note the presence of a kink near the Fermi level, which is discussed in 
detail in section 6.5.3. 
Figure 6.4 illustrates the Fermi surface of pristine bilayer graphene and C8RbC8, which are 
constructed by integrating the near-EF ARPES intensity. At the graphene K point of C8RbC8, find two 
round-triangular bands. These are attributed to the two π* bands, which are heavily doped compared to 
pristine bilayer graphene. The triangular appearance is consistent with recent observations of highly-
doped graphene and graphite, and results from the high-energy dispersion of these bands.12,13 At the K’ 
point, we note the presence similar triangular bands. This is the Fermi surface of the folded π* bands, 
which are created due to the (2 x 2) superstructure in C8RbC8, corresponding to the folded bands 
observed in Fig. 6.2(b).  
Figures 6.4(a) and 6.4(b) show the ARPES spectra near EF and the intensity plot around the Γ 
point, respectively.  We observe a bright feature found near ky=0.65 Å-1, which can easily be assigned 
to the folded π* bands. In addition to this folding band, C8RbC8 exhibits significant intensity near the Γ 
point. By fitting the energy distribution curves (EDC) near Γ with Lorentzians, we are able to extract a 
series of peak positions [red dots in Fig. 6.4(b)] that clearly reveal a symmetric parabolic band. In 
contrast, in bilayer graphene and Li-intercalated bilayer graphene no parabolic band exists at the Γ 
point, as shown in Fig. 6.4(d).14 While bands are present at the Γ point in C6LiC6, these are ascribed to 
the π bands folded from the K point.  These results suggest that the band observed in C8RbC8 is the 
free-electron-like “interlayer band”. A similar parabolic band has previously been found in C6CaC6 
(Refs. 15, 16), and are predicted to exist in other bulk and thin film GICs.17–20 Here, we note that the 
observed intensity of the free-electron-like state is fairly weak which we attribute to a large difference 
in the photoemission cross-section of Rb and C. The photoionization cross-section of the Rb 5s state is 
only 0.02 Mbarn at the photon energy  (40.8 eV), compared to 1.9 Mbarn for the C 2s state and 1.2 
Mbarn for the C 2p state.21  
From their Fermi surface volume, we estimate the electron occupancy of the π* and interlayer 
bands. We find an occupancy of 0.40±0.05 e- at the π* band, and 0.53±0.10 e- at the interlayer band. 
This suggests that the charge balance in C8RbC8 is similar to previously reported data for bulk C8Rb, 
where it was found that electrons are shared equally between the graphene sheets and rubidium 
interlayer.1 The total charge measured is nearly 1 e- (0.40 e- + 0.53 e-). This suggests that the Rb ions 
are almost completely ionized. Furthermore, in combination with the observation of the (2 x 2) band  
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Figure 6.5: (a-b) ARPES spectra and ARPES intensity plot near EF around Γ point for R-intercalated 
pristine bilayer graphene, respectively. Pink points in (a) and (b) show the peak position in ARPES 
determined by numerical fittings with Lorentzians function. (c-d) Near-EF ARPES intensity plot for 
pristine and C6LiC6,14 respectively. 
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folding it indicates that all Rb atoms should be part of the intercalated C8RbC8 structure, with no 
residual atoms remaining on the surface or underneath the graphene bilayer. 
6.4. Electron-Phonon Coupling Near EF 
Recent theoretical and experimental work indicates that GICs may be explained as strong 
electron-phonon coupling superconductors under the Bardeen-Cooper- Schrieffer (BCS) theory.3,16,22,23 
However, the strong coupling observed in bulk GICs remains somewhat mysterious. This coupling is 
significantly stronger than predicted for simple electron doping of the π bands, indicating that a more 
complicated mechanism must be responsible for the emergence of strong electron-phonon coupling.24 
Furthermore, the coupling observed at the GIC π* bands has been found to be strongly anisotropic, 
being much strong in the K-M than the K-Γ direction.3,25,26 This unusual behavior has yet to be 
conclusively explained. It is also unclear whether coupling anisotropy and strong electron-phonon 
coupling are found in intercalated bilayer graphene, or thin alkali-metal GICs. 
 In order to investigate the electron-phonon coupling in detail, we performed high-resolution 
mapping of the Dirac cone.  Figure 6.6(b)-(g) show the ARPES band dispersions near EF for several 
momentum cuts around the K point. The positions of these cuts are shown in the near K-point Fermi 
surface plot in Figure 6.6(a).  We see the clear presence of a distinct quasiparticle kink in the outer π* 
bands at approximately 170 meV. By comparing the series of cuts, this kink is particularly strong in the 
K-M direction [Fig. 6.6(b)]. This kink is evidence of electron-phonon coupling, as has been previously 
reported in bulk GICs.3,16,26,27 However, the kink structure could not be clearly observed at the inner π* 
bands. This may be due to a decreased scattering rate due to their relatively smaller density of states. 
While coupling at the interlayer band has been observed by previous studies16 and is believed to play 
an important role in GIC superconductivity,22,23 we were unable to accurately measure it in this study 
because of the large difference in the photoionization cross-section of the π and interlayer bands.21 
 In order to elucidate the electron-phonon coupling in detail, the self-energy of the outer π* 
bands was extracted. This quantity, self-energy Σ(k,ω), describes the contribution of multi-particle 
interactions which lead to the creation of the observed  quasiparticle spectrum (see section 2.1.3). The 
real and imaginary parts of the self energy, ReΣ(k,ω) and ImΣ(k,ω), are typically considered separately. 
They can be extracted from the ARPES spectral function: 
!(!,!) = 1!
ImΣ(!,!)
(! − !!(!) − ReΣ(!,!))! + (ImΣ(!,!))!
 
Based on this, the real and imaginary part can be written as: 
ReΣ !,! = k! − ! v! ! ,!
ImΣ(!,!) = !"!!(!) 
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In this expression the experimental momentum is given by k, and its half-width half-maximum is 
represented by Δk. These are extracted from the experimental data by fitting the momentum 
distribution curves (MDC) at each energy ω with a series of Lorentzians. The variables k0 and v0 
describe the momentum and velocity of the single particle band at each energy ω.  In order to select an 
appropriate bare band, we fit a series of point below the energy of the electron-phonon interaction for 
each cut using a third-nearest-neighbor tight binding approximation. After fitting, the Kramers-Kronig 
transformation is used to compare the calculated values of ReΣ(k,ω) and ImΣ(k,ω). For the correct 
choice of bare band, these two functions should be self-consistent, ensuring that the fitted band is 
appropriate. Figures 7(a) and 7(e) demonstrate this transformation for a sample cut. 
Figure 6.7(a-c) shows ReΣ(k,ω) for the momentum cuts shown in Figure 6.6(b), (d), and (g). In 
all cuts, the self energy exhibits a clear maximum in the energy range of 140-200 meV, consistent with 
the energy of graphene’s in-plane optical phonon mode.24,27 To obtain more detailed information about 
the self-energy, we fit ReΣ with a simulated self-energy function. This function relies on a simulated 
Eliashberg function composed of two high-energy (140-200 meV), and one low-energy (30-100 meV) 
Figure 6.6: (a) Fermi surface of the C8RbC8 π* bands as a function of the two-dimensional wave vector k. 
(b-g) Cuts taken at various momenta ky along the Fermi surface as indicated in (a). The dotted line 
indicates the approximate energy of the electron-phonon coupling kink. 
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Lorentzian peak. As mentioned above the peaks in the high energy range simulate the contribution of 
graphene’s in-plane optical phonon, which has been shown to contribute greatly to coupling graphene 
systems.13,28 The presence of an additional low energy phonon has also been reported in studies of both 
doped monolayer graphene and bulk C6Ca.13,16 Using Numerical integration, a simulation of ReΣ(k,ω) 
is produced from this Eliashberg function. All cuts are fitted simultaneously, holding the energy of the 
simulated phonon modes constant across all momenta while allowing their amplitude varied. The 
Eliashberg functions determined in this way are shown in blue, and their corresponding ReΣ(k,ω) using 
dotted black in Figs. 7(a)-(c). Using this method, fitted real parts agree well with the experimental data. 
The converged phonon energies were found to be 180 meV, 150 meV, and 90 meV. In order to assure 
that this procedure did not erroneously introduce extraneous phonon modes, it was also attempted with 
only one graphene and one low-energy mode. This is similar to the structure reported based on ARPES 
of C6Ca.16 However, using this configuration it was impossible to produce a satisfactory fit of ReΣ. The 
fitting was also attempted with two high-energy graphene modes, neglecting the lower energy mode. In 
this case the energy of the on graphene mode was fitted to very low energies, resulting in a final 
Eliashberg function resembling the previous case of one graphene and one low-energy mode. 
In order to determine the electron-phonon coupling constant λ, the resulting Eliashberg functions 
were numerically integrated29. As shown in Figure 6.8, this revealed a significant anisotropy of the 
electron-phonon coupling, which was found to vary from 0.41±0.05 in the K-M direction [Fig. 6.6(b) 
and Fig. 6.7(a)] to 0.16±0.05 in the K-Γ direction [Fig. 6.6(g) and Fig. 6.7(c)]. The average electron-
phonon coupling across the Fermi surface was found to be λ=0.27. By examining the electron-phonon 
coupling as a function of Fermi surface angle, we find that it is strongly anisotropic (Fig. 6.8). This 
coupling anisotropy is not predicted by theoretical studies of electron-doped graphite or bilayer 
graphene.24 Furthermore, it significantly exceeds the anisotropy observed for doped monolayer 
graphene on Ni(111).  
6.5. Discussion 
6.5.1. Interlayer Band 
Our work presents the reported observation of an interlayer band in alkali metal intercalated 
graphite. It has been demonstrated using first-principles calculations that all GICs that have been 
confirmed as superconductors exhibit an occupied interlayer band in DFT calculations.30 Based on the 
occupation of the interlayer band in C8RbC8, we expect that this compound should exhibit 
superconductivity. However, we were unable to observe evidence of a superconducting transition in the 
present study, such as the emergence of a superconducting gap or a quasiparticle peak consistent with 
the creating of Cooper pairs. This may be due to limitations of our experimental instrument, which is  
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Figure 6.7: (a-c) The experimental (red) and fitted (dotted black) real part of self energy, ReΣ(ω), and 
the corresponding Eliashberg function (blue) for the cuts shown in Fig. 1(b), Fig. 1(e), and Fig. 1(g). 
(d) The raw ARPES data of (a), with the experimentally determined band dispersion (blue circles) and 
fitted bare band (blue line). (e) The experimental (red) and fitted (dotted black) imaginary part of self 
energy, ImΣ(ω), ccorresponding to (a). (f) Schematic illustration of the Fermi surface, showing the 
Fermi surface angle θ, and the position of the cuts corresponding to (a), (b) and (c). 
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only capable of routine measurement down to a temperature of 10 K. Meanwhile, bulk C8Rb is 
superconducting at 23-151 mK,31 below the range of our experiment. 
6.5.2. Charge Transfer 
The difference in the electronic structure of the alkali metal series GICs, and its effect on their 
superconducting transition, has been a focus of previous research. In particular, the series C8K, C8Rb, 
and C8Cs, while electronically similar, are found to exhibit a difference in the amount of charge 
transferred to the graphene π bands, versus the amount occupying the dopant-derived interlayer band.1,7 
Given the important role of the electronic structure in controlling the superconducting transition, 
understanding the present periodic trend is critical to gain a fuller understanding of GICs. 
From our work, as shown in Chapter 5, we find that in C8KC8 0.7 e- per K atom occupy the π 
bands, and 0.3 e- occupy the interlayer band. On the other hand, the estimated electron occupancy in 
C8RbC8 is 0.4e- per Rb atom at the π bands and 0.5e- at the interlayer band. As discussed in the 
previous chapter, experimental studies on alkali metal GICs disagree greatly as to the degree of charge 
transferred to the π bands. For C8K, ARPES works have found values ranging from 0.8 e- per unit cell 
to 0.4 e- per unit cell,3,7,12,1 although notably none of these studies was able to detect the interlayer band. 
Meanwhile, theoretical studies of C8K have found charge ranging from 0.6 e- per unit cell to 1.0 e- per 
unit cell.6,32–35 As a result it is somewhat difficult to directly compare the charge transfer observed to 
previous bulk studies. However, our observed charge transfer for both C8KC8 and C8RbC8 are roughly 
consistent with previous studies.  It is generally agreed that the charge transfer to the graphene π bands 
decreases across the K, Rb, Cs series.1,9,30,33,35 Previous systematic ARPES measurements reported π 
band occupations of 0.5 e-, 0.45 e-, and 0.4 e-, and interlayer band occupations of 0.5 e-, 0.55 e-, and 0.6 
e- for C8K, C8Rb, and C8Cs, respectively.1 The same trend has been noted by first principles studies of 
these GICs.35 The variation in charge transfer has been attributed to two primary factors, the ionization 
energy of the intercalated element, and the interlayer separation. Assuming identical crystal structures, 
it has been noted that charge transfer increases between C8KC8 and C8RbC8, due to the lower 
ionization energy of the Rb atoms.35 However, charge transfer also depends strongly on the interlayer 
distance.9,30,35 Considering an alkali-metal intercalated system, it is apparent that charge transfer to the 
graphene sheets should approach zero as the interlayer spacing becomes arbitrarily large. As the atomic 
radius of Cs and Rb are larger than K, charge tends to remain in metal-derived orbitals rather than 
being transferred to the π bands.1,35 Using first principles to compute the band structure of C6Li for 
various interlayer distances, it has been shown that charge transfer to the π bands and band gap at the K 
point both increase as interlayer distance decrease.9 This result is consistent with our present 
observations, suggesting that the difference of π band’s occupancy between C8KC8 and C8RbC8 may be 
attributed to a difference in interlayer spacing consistent with the larger ionic radius of Rb. We note 
that the difference in charge transfer to graphene layers between C8KC8 and C8RbC8 is larger than for 
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previously reported ARPES or first principles studies in bulk GICs, which report differences in π band 
occupancy < 0.1 e- (Refs. 1,35). First principles studies have found that Ca-intercalated bilayer 
graphene is slightly expanded compared to its bulk counterpart.19 Further DFT studies have found 
significant differences in interlayer separation between K-intercalated bilayer graphene, and K-
intercalated bilayer graphene on SiC.8 Based on this, we propose that the change in interlayer spacing 
may be greater for bilayer GICs on SiC than for their bulk counterparts. This seems reasonable as the 
top graphene layer faces vacuum, and should thus be more easily able to expand compared to its bulk 
counterpart. 
6.5.3.  Strength and Anisotropy of Electron-Phonon Coupling 
 For a previous study of metal-doped monolayer graphene on Ni(111),13,27 the Eliashberg 
function was extracted using the maximum entropy method.36 Based on this, the coupling anisotropy 
was attributed exclusively to the presence of an additional low-energy phonon mode (~80 meV) in the 
K-M direction. This mode was observed to depend strongly on the dopant atom type, but no trend 
between the phonon energy and the π band density of states was found. Based on this, the mode was 
assigned to a dopant-related vibration. The low-energy phonon mode reported for Rb-covered 
monolayer graphene (90 meV) agrees well with the present study. However, another explanation for 
the origin of low-energy phonons has been proposed. Based on ARPES study of C6Ca, an identical 
phonon was found at both the π* and interlayer band Fermi surfaces. Because of symmetry rules 
limited the scattering of phonons from the π* to the interlayer bands, it was determined that this 
phonon is the out-of-plane carbon CZ phonon.16,37 This result agreed well with theoretical studies,23 
which suggest the presence of a strong CZ mode at low energies. As the present sample exhibits an 
interlayer band, it is also possible that the low energy mode observed here is related to the out-of-plane 
carbon vibration. Unfortunately, we were unable to confirm the presence of phonon coupling at the 
interlayer band. Based on this, we believe that the mode observed here may be due to either the CZ 
phonon, or another dopant-related vibration. 
 Notably, the presence of the low-energy phonon mode alone does not explain the large 
difference in electron-phonon coupling strength observed between the K-Γ (λ=0.16) and K-M (λ=0.41) 
directions. The total coupling strength is also significantly higher than for monolayer graphene samples 
grown on Ni(111), for which the coupling varies from λ~0.1 to λ~0.2. This is unexpected as the density 
of states at the Fermi level is greater that in the present sample. However, the anisotropy observed in 
C8RbC8 bears a striking resemblance to that of bulk GICs.3,26,27 The average coupling constant of C8K 
and C6Ca were found to be larger than the present case (λ=0.45 and λ=0.53, respectively), while the 
average coupling of bulk C6Li is quite similar. This may be explained by the difference in the π* 
density of states. C6Li has a similar occupancy, and C8K and C6Ca exhibit a much higher doping. 
Comparing the electron-phonon coupling constant of C6Li and C8RbC8 directly (Figure 6.8), we see 
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that they are remarkably similar. It bulk GICs, it has been proposed that the large electron-phonon 
coupling and anisotropy may originate either from Fermi surface nesting,26 or from enhanced intra-
valley scatter between π* bands.28 As the Fermi surface of the present sample is much stronger than 
that of the C6Ca sample for which nesting was reported, we may safely rule it out in this case. 
Meanwhile, enhanced scattering between Dirac cones seems to be a plausible explanation. An increase 
in the strength of the graphene phonon modes was observed in the K-M direction, where the wave 
vector between neighboring Dirac cones is smaller than in the K-Γ direction. 
 While the coupling observed here is not as strong as for C8K or C6Ca,3,26,28 we find that it is 
much larger than for metal-absorbed monolayer graphene.13,27,38,39 This implies an important physical 
difference between the strong coupling found in intercalation compounds, and the weaker coupling 
seen in doped monolayer graphene. Two explanations for this effect appear obvious. The first is that 
the increase in dimensionality leads to additional phonon modes, such as breathing and slipping modes, 
in bilayer graphene and bulk GICs. While this is in fact the case, these modes are very low energy (<20 
meV).19,40–42 Coupling in the present experiment was calculated without the inclusion of such low 
energy phonon modes, and so they cannot be considered as a source of the increased coupling in 
C8RbC8. Instead, dopant ordering appears to be a likely explanation for the strong electron-phonon 
coupling found in GICs and intercalated bilayer graphene. In most previous studies of doped 
monolayer graphene, no evidence for ordering of the adatoms was observed by either LEED or 
Figure 6.8: The experimentally determined electron-phonon coupling as a function of Fermi surface angle 
between 60º (K-Γ) and 120º (K-M). The present result of C8RbC8 (red filled circles) are compared to 
previous results for C6Li (Ref. 3) (open purple circles) and Rb-doped monolayer graphene (Ref. 13) (open 
green diamonds). 
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ARPES.13,27,38 By contrast, all bulk studies were performed on crystals that exhibited evidence of an 
ordered superstructure based on their band folding or additional LEED spots.3,16,26,28 For one recent 
study of monolayer graphene, which realized an intercalated and order Yb structure under monolayer 
graphene, coupling consistent with theoretical prediction was also observed43. Based on this, we 
conclude that crystal ordering plays a crucial role in facilitating increased coupling based on the inter-
valley scattering of graphene phonons.13,28 This may explain why the very high coupling predicted for 
ordered metals on graphene2 has yet to be experimentally realized.13 
 For both bulk GICs and intercalated few-layer graphene, it has been suggested that it may be 
possible to model the transition temperature according to BCS theory based on the electron-phonon 
coupling at the π* bands. We estimate the superconducting transition temperature of the present sample 
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The screened pseudopotential is expressed by µ* = 0.14,23 which has been calculated for similar 
GIC compounds. α2F(ω) is the Eliashberg function, which is integrated based on the value at the K-M 
cut  [Fig. 6(a)]. Using the McMillan formula, we calculate a transition temperature of 4 mK. This value 
is markedly lower than the observed transition temperature for C8Rb, 23-151 mK.31 Based on this, we 
conclude that C8RbC8 most likely cannot sustain superconductivity based on electron-phonon coupling 
mediated by the π* bands alone. Many studies, however, emphasize critical role of the interlayer band 
in mediating the superconducting transition.15,22,23,30 Recent ARPES results which directly measured 
the electron-phonon coupling at the interlayer band found that the coupling strength was comparable to 
that of the low-energy phonons observed at the π* band.16 If this is the case, the transition temperature 
in C8RbC8 may be expected to be higher than calculated above. This result supports existing research, 
which highlights the critical role of the interlayer band in facilitating superconductivity in GICs.30 
6.6. Conclusion 
In summary, we have reported here on the electronic structure of the bilayer graphene 
intercalation compound C8RbC8. We find band folding due to the (2x2) superstructure, providing good 
evidence for the strong ordering of the intercalated atoms. Furthermore, we find that the interlayer band 
in this material is occupied. This represents the first observation of the interlayer band in alkali-metal 
intercalated bilayer graphene using ARPES. Based on the importance of this electronic feature to 
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superconductivity in bulk GICs, we suggest that superconductivity may be possible in C8RbC8 at low 
temperatures. 
We have also performed self-energy analysis of the π* bands around K point, and found the 
anisotropic strong electron-phonon coupling ranging from λ=0.16 to λ=0.41. This strong electron-
phonon interaction is due to coupling to modes near 170 meV, associated with graphene’s in-plane 
optical phonon, as well as a low energy mode at 90 meV. As this coupling is significantly stronger than 
has been observed in metal absorbed monolayer graphene, we suggest that the electron-phonon 
coupling strength increases due to the good ordering of the intercalated atom layer in bilayer graphene. 
This ordering may contribute to increased phonon scattering between adjacent Dirac cones, enhancing 
the total electron-phonon coupling.3,13,28 This strong dependence of coupling on the crystal structure 
confirms the importance of the stacking and ordering of dopant atoms in determining electron-phonon 
coupling, and suggests that the structure dopant atoms should be carefully considered in future studies 
of superconductivity in graphene.45   
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7. ARPES Study of Cs-Intercalated Bilayer 
Graphene with a Cs Overlayer, CsxC8CsC8 
7.1. Introduction 
While the fabrication of a variety of bilayer GICs has been demonstrated, the observation of 
superconductivity in few layer graphene compounds has remained elusive.1–3 One possible way to 
realize superconductivity may be through the enhancement of electron-phonon coupling, which is 
predicted to drive superconductivity in a similar fashion to bulk GICs.4–7 C8RbC8 exhibits anisotropic 
electron-phonon coupling much stronger than found in doped monolayer graphene,8,9 which we 
attribute the increased dopant ordering enabled by intercalation.8–10 However, the highest coupling 
constant achieved so far is still less than that observed in the superconducting GICs C8K or C6Ca (Refs. 
11–13). One possible route to enhance electron-phonon coupling in bilayer GICs may be by the 
introduction of a metal overlayer, which should enhance the scattering rate by increasing the electronic 
density of states.14 Indeed, the presently fabricated bilayer GICs contain only one metallic layer, which 
results in low doping similar to the non-superconducting stage II bulk GICs.15 Calculations support this 
idea, suggesting that electron-phonon coupling and TC in a stage I bilayer Li GIC containing two metal 
and two graphene layers (C6LiC6Li) should exceed that of intercalated bilayer graphene (C6LiC6).16 
In order to explore the potential for strong coupling in highly doped alkali metal GICs, we have 
fabricated Cs-intercalated bilayer graphene with a Cs overlayer, CsxC8CsC8. Using ARPES, we find 
that this compound exhibits an electronic structure consistent with doping of the intercalated bilayer, 
exhibiting strong (2 x 2) ordering of the Cs layer. Furthermore, the interlayer band, a key component in 
bulk GIC superconductivity, is clearly observed.17 Based on high-resolution measurements taken at the 
graphene-derived π* bands, mass renormalization consistent with electron-phonon coupling is also 
seen. By analysis of the self-energy, we demonstrate the presence of strong electron-phonon coupling 
greater than in C8RbC8, and of a similar magnitude to superconducting bulk GICs. 
7.2. Experimental Conditions 
Epitaxial bilayer graphene was grown by annealing a 6H-SiC(0001) single crystal substrate, and 
synthesis and characterization of CsxC8CsC8 were performed as described in section 4.3. A VG-
SCIENTA SES-2002 spectrometer at Tohoku University with a high-flux helium discharge lamp and a 
toroidal grating monochromator was used for the ARPES experiments. Electrons were excited from the 
thin film using 40.814 eV photons generated from the He-IIα resonance line. The energy and angular 
resolutions were set at 16 meV and 0.2° respectively. All measurements were performed at 30 K. In 
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order to prevent degradation of the sample, the vacuum was maintained at pressures better than 3 x 10-
10 Torr. 
Density functional theory calculations were performed with norm-conserving Perdew-Burke-
Ernzerhof GGA pseudopotentials using the Quantum Espresso package.18 For all calculations, a 
15x15x1 k-point grid and a plane-wave cutoff energy of 70 Ryd were used. This was found to give 
good convergence of the band structure and total energy. All atom positions and lattice parameters 
were fully relaxed. 
7.3. Electronic Structure  
Figure 7.1(a) shows the near-EF ARPES spectra of CsxC8CsC8. We clearly note the presence of 
very strong π bands at the graphene K point. This band is shifted relative to the π* bands in pristine 
bilayer graphene, consistent with charge transfer form the Cs atoms. In addition, we see a highly 
dispersive feature at the midpoint of the Γ-K line not present in bilayer graphene. This is assigned to 
the graphene π bands, which are folded to the K point of the Cs (2 x 2) Brillouin zone by the regular 
potential of the intercalated atoms, similar to the band folding observed for C8RbC8 (Ref. 1). At the Γ 
point, the presence a free-electron-like parabolic band is apparent. This band is the GIC interlayer band, 
which has been observed in both bulk GICs and bilayer C8RbC8 (Refs. 1,17,19). The interlayer band is 
not observed in undoped bilayer graphene.  
Based on the low-energy electron diffraction (LEED) pattern observed, the sample was 
determined to consist of a Cs-intercalated bilayer with a nearly commensurate Cs overlayer (Cs-
C8CsC8). In order to confirm that the observed electronic structure is consistent with the structure 
determined from LEED, Figure 7.1(b) compares the experimentally extracted peak positions (red) to 
first-principles DFT calculations performed for freestanding C8CsC8 (orange). The dispersion of the 
interlayer band, with a Fermi vector of 0.38 Å-1 and a maximum binding energy of 0.48 eV, agrees 
particularly well. The band folding observed by ARPES is also reproduced by the DFT calculation. 
While qualitatively similar, we note significant quantitative differences between the experiment and 
calculation.  The Dirac point measured in the experiment has a binding energy 0.27 eV greater than 
predicted, lying at 1.38 eV rather than 1.11 eV. In addition, the Fermi vector of the π* band at the K 
point is 0.24 Å-1 rather than 0.21 Å-1, which results in significant charge at the π bands than 
theoretically predicted. The strong qualitative agreement of the calculation and the experimental data, 
as well as the observation of clear band folding and a well-defined interlayer band suggest that the Cs 
atoms are intercalated, and well-ordered between the graphene sheets. Meanwhile, the difference in the 
Fermi vector and the Dirac point of the π bands suggests additional doping that we attribute to the Cs 
overlayer observed via LEED.  
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Figure 7.1: Image plot of the observed ARPES intensity near EF for (a) pristine bilayer graphene and (b) 
Cs-C8CsC8. (c) Comparison of the peak positions extracted from energy distribution curves (EDC), and 
DFT calculations for C8CsC8. 
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Figure 7.2: Near-EF ARPES intensity plot as a function of the 2D wave vector k, constructed from 
ARPES data for (a) pristine bilayer graphene on SiC and (b) Cs-C8CsC8. The red curves denote the 
observed Fermi surface. Solid and dotted black lines show the Brillouin zone of graphene and Cs-
C8CsC8, respectively. 
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The experimental Fermi surface 
of CsxC8CsC8 is shown in Figure 7.2. A 
large triangular Fermi surface is 
observed around the K point. This 
corresponds to the graphene π bands, 
which are heavily doped as compared 
to the small circular Fermi surface of 
pristine bilayer graphene. At the K’ 
point, the midpoint between the Γ and 
K points, we observe a triangular Fermi 
surface which resembles that seen in 
C8RbC8.1 This is assigned to the π* 
band, which is folded from the 
graphene K point to the K’ point by the 
potential of the intercalated Cs atoms.  
As noted above, a free-electron-like 
state is observed at the Γ point. This 
results in a circular Fermi surface 
around the Γ point similar to C8RbC8, 
as well as bulk GICs.1,19,20 By 
measuring the volume of the Fermi 
surfaces as a fraction of the CsxC8CsC8 
Brillouin zone, the electron occupancy 
is estimated to be 1.06 e- per unit cell at 
the π* bands, and 0.46 e- per unit cell at the interlayer band.  This gives a total charge of 1.52 e- per 
unit cell, greater than for C8RbC8 (0.93 e- per unit cell).1 While both Cs and Rb have a valence charge 
of 1 e-, the present sample also exhibits a Cs overlayer that contributes additional charge.  
At the K point (Fig. 7.3) the bands are nearly linear, and appear to exhibit Dirac cone dispersion 
with only a small band gap. To estimate the size of this gap, a third-nearest-neighbor tight-binding 
model for monolayer graphene (orange line) was used to fit the experimentally determined peak 
positions (orange points).21,22 To determine the size of the gap the parameter Δ was introduced to the 
Hamiltonian, which provides a reasonable estimate of the dispersion by applying an asymmetry 
potential between the A and B sites. We estimate a band gap of ~120 meV based on this fitting method, 
significantly less than the band gaps of 350 meV and 400 meV observed in C8RbC8 and C8KC8, 
respectively. This agrees well with the very small band gap predicted by the DFT calculation (<100 
meV), suggesting that the band gap is not strongly enhanced by either the substrate or overlayer. By 
Figure 7.3: Band dispersion near the Dirac point measured 
by ARPES. Peak positions taken from the momentum 
distribution curves (MDC) and a tight binding fit to those 
points are shown by red points and lines. The theoretical 
band structure of C8CsC8 determined by DFT is shown by 
orange curves. 
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contrast, C8KC8 and C8RbC8 exhibit large band gaps, which we attribute to the presence of the SiC 
substrate. We suggest that the Cs overlayer of CsxC8CsC8 may reduce the charge asymmetry between 
the top and bottom layers, leading to an increase in the π-band degeneracy and decrease in the band gap 
relative to simple bilayer GICs without a metal overlayer.23,24  
7.4. Electron-Phonon Coupling Near EF 
At the π* bands we find a kink in the band dispersion around 160 meV, as can be seen in Fig. 7.3. 
This feature appears similar to the mass renormalization found in high-TC cuprate superconductors.25 
The energy of the kink is consistent with electron-phonon coupling to the graphene phonon, as has 
been reported in previous studies of GICs and graphene, as well as C8RbC8 (Refs. 8,10–13,20,26). In 
order to study the characteristics of the dispersion kink in more detail, high-resolution ARPES cuts 
were made at two wave vectors, as denoted in Fig. 7.4(a). At both cuts, we see a sharp kink indicative 
of strong electron-phonon coupling. These cuts can be identified by their Fermi-surface angle θ. The 
K-Γ direction is given by θ =60°, and the K-M direction by θ =120°. One cut is taken near K-Γ [θ =65°, 
Fig. 7.4(b)], and one is taken near K-M [θ =105°, Fig. 7.4(c)].  
The real and imaginary parts of self-energy Σ(k,ω) were extracted from the ARPES data in order 
to study the electron-phonon coupling in detail. The real and imaginary parts of self energy can be 
expressed as ReΣ(!,!) = (!! − !)!!(!) , and ImΣ(!,!) = Δ!!!(!).13,25,27 The variables k and Δk 
are the wave vector and width of the band), respectively, determined by fitting the momentum 
distribution curve (MDC) with a set of Lorentzians at each energy. These are compared with k0 and v0, 
the wave vector of the bare band and its velocity, respectively. As the bare band cannot be measured 
experimentally, it is necessary to use an appropriate approximation. While previous work relied on a 
linear bare band fit of the Dirac cone,28,29 it has been demonstrated that this may lead to a significant 
overestimation of the electron-phonon coupling constant λ.30,31 To ensure that the bare band is a 
realistic representation of the unperturbed system, the bare bands were calculated by fitting a third 
nearest neighbor tight-binding model to a series of points below the energy of the kink. This fit was 
then adjusted using a fourth degree polynomial so that the real and imaginary parts of self-energy are 
self-consistent according the Kramers-Kronig (KK) transform [Figs. 7.4(f) and 7.4(i)]. This ensures the 
quality of the fit, as the KK transform defines a unique function between the real and imaginary parts 
which is valid only for the choice of a correct bare band.14 It must be noted that the self-energy is 
unreliable within a small energy region (<10 meV) close to the Fermi level. This is an artifact of the 
experimental resolution, and these points were subsequently excluded from the final analysis. To 
estimate the total electron-phonon coupling, ReΣ(k,ω) was fit using ! = !!"!(!)!" !!! (Ref. 14). We find 
that the electron-phonon coupling strength λ is 0.38 ± 0.02 for the K-Γ direction [Fig. 7.4(b)] and 0.60 
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± 0.02 for the K-M direction [Fig. 7.4(c)]. Based on this, CsxC8CsC8 can be said to exhibit strong, 
anisotropic coupling. 
7.5. Analysis and Discussion 
Based on our result, we observe several features that are important to discuss as they are related 
to the origin of the electronic structure of CsxC8CsC8 and the possibility of superconductivity in bilayer 
GICs. 
7.5.1.  Interlayer Band 
At the Γ point, we observe a parabolic band with free-electron-like dispersion consistent with the 
interlayer band in bulk GICs.3,20,32 The interlayer band obtained from our DFT calculation also agrees 
well with the experimental dispersion (Fig. 7.1). The band exhibits a Fermi vector of 0.38 Å-1, and a 
maximum binding energy of 0.48 eV. By contrast, the interlayer band observed in C8RbC8 has a Fermi 
vector of 0.40 Å-1 and a maximum binding energy of 0.39 eV. While bulk C8Cs is expected to have a 
more occupied interlayer band than C8Rb (Refs. 17,33,34), we see that the opposite is the case here. 
The effective mass of the band is also very different between the two compounds. As both of these 
parameters are known to be very sensitive to the interlayer spacing of the materials,17,35 we suggest that 
the results observed may be due to a decrease in the interlayer separation relative to the size of the 
intercalated atom. This change may be driven by the Cs overlayer, which alters the structure of the 
compound. 
The presence of an interlayer band is also believed to be critical to superconductivity in bulk and 
few-layer GICs, as it enhances the coupling to out-of-plane and dopant related phonon modes.4,7,17,36 
This is most clearly demonstrated by first-principles studies which have confirmed that the interlayer 
band is occupied for all known superconducting GICs.17 Based on our observation of the interlayer 
band in CsxC8CsC8 and its prediction based on DFT calculations for C8CsC8, we conclude that this 
compound should have the potential for superconductivity assuming that the superconducting 
mechanism is similar to bulk GICs. 
7.5.2. Charge Transfer 
In CsxC8CsC8, we find a total doping of 1.52 e-, with 0.46 e- occupying the interlayer state, and 
1.06 e- occupying the π* states. By contrast, in C8RbC8, the band occupancies were observed to be 0.54 
e- for the interlayer, and 0.4 for the π* bands.1 Previous ARPES studies of C8Cs reported an interlayer 
band occupancy of 0.6 e-, and a π band occupancy of 0.4 e-, which can be compared with 0.55 e- at the 
interlayer band and 0.45 e- at the π* bands in C8Rb. As discussed above, the reduced doping of the 
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interlayer band in CsxC8CsC8 relative to C8RbC8 may be due to a change in the interlayer separation 
due to the bilayer structure.17,35 
The charge transfer is also not an integer number. We observe 1.52 e-, although the ideal charge 
of CsC8CsC8 should be 2 e-, assuming fully non-localized charge, as has been observed in previous 
studies of intercalated bilayer graphene.1–3 If we assume that the nearly commensurate Cs overlayer has 
structure identical to that observed by Wu et al. for Cs monolayers on bulk graphite,37 and that the Cs 
atoms on the top layer are fully ionized, then we expect a spatial coverage of 64%, equivalent to 
Cs.52C8CsC8. However, we note that previous experimental studies of dispersed Cs deposited on 
monolayer graphene have found that a large amount of charge remains in localized Cs states, and is 
thus not observed by ARPES.8,38,39 As a similar effect may occur in the Cs overlayer case we consider 
the 64% coverage value to be an absolute minimum estimate, and expect that the true coverage may be 
significantly larger.  
7.5.3. Enhancement of Electron-Phonon Coupling 
In the K-Γ direction (λ=.38) [Fig. 7.4(b)], we find a sharp peak in ReΣ(k,ω) at 160 meV, as well 
as a step in ImΣ(k,ω) [Figs. 7.4(e) and 7.4(f)]. As discussed above, this structure has been observed in 
various other studies of GICs and doped graphene, and arises from graphene’s in-plane optical phonon 
mode.8,10–13,20,26 The electron-phonon coupling in the K-Γ direction (λ=0.38) is similar to the ARPES 
studies of bulk C8K and C8Ca (Refs. 11–13,20), and much larger than found in alkali-doped monolayer 
graphene (λ < 0.16).8,26 In particular, the coupling strength exceeds the observed values for Cs-doped 
monolayer graphene (λ=0.11),8 although both of the samples have comparable doping of the π band. 
This reaffirms the importance of dopant ordering in realizing strong electron-phonon coupling.8–10 The 
electron-phonon coupling is also stronger than for C8RbC8, which we attribute to the large electron-
doping of the π* band in CsxC8CsC8 (1.06 e- per unit cell) as compared to C8RbC8 (0.4 e- per unit cell).1 
This large doping results in a large electronic density of states at the π* band favorable to strong 
electron-phonon coupling. 
In the K-M direction (λ=.60) [Figs. 7.4(h) and 7.4(i)] ReΣ(k,ω) exhibits two peaks, a larger peak 
at ~160 meV and smaller peak at ~60 meV. These two peaks lead to a very large electron-phonon 
coupling constant of λ=0.60, comparable to superconducting bulk GICs.11,12,40 The larger peak is most 
likely due to graphene’s in-plane optical phonon mode, as in the K-Γ direction and previous studies of 
GICs and graphene.11–13,20 However, we also find an additional phonon mode at ~60 meV. This mode 
greatly increases the self-energy near EF, boosting the total electron-phonon coupling. In previous 
studies of bulk GICs low energy modes have been associated with coupling of the CZ phonon between 
the π and interlayer bands.4,20 Unfortunately, in the present study we cannot confirm this possibility, as 
we were unable to precisely determine the strength of electron-phonon coupling at the interlayer band. 
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Figure 7.4: (a) Near-EF intensity of the graphene-derived π* bands at the graphene K point. The Fermi 
surface is shown by the dotted red line. (b,c) ARPES cuts taken at the positions indicated in (a). (d) Raw 
ARPES data near EF at the momentum shown in (b). The raw peak positions (red) and fitted bare band 
(black) are shown. (e) The imaginary part of self-energy corresponding to (b). (f) The experimental real part 
of self-energy at (b) extracted from experimental peak positions (red) and KK transform of the imaginary 
part (blue). A fit (dotted black) calculated from a theoretical Eliashberg function (green) is also shown. (g-i) 
Analagous to (d-f), for the cut shown in (c). 
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In order to analyze the contribution of phonons individually, and to precisely determine their 
strength in the K-Γ and K-M directions, the self-energy was fitted with a model Eliashberg function 
similar to the once used to analyze C8RbC8 (Chapter 6). This was constructed using a set of three 
Lorentzians, two at high binding energy to simulate the in-plane graphene phonons, and one at low 
energy. This is similar to the procedure used for the analysis of electron-phonon in C8RbC8. The 
Eliashberg function was integrated to construct the real part of self-energy, and fitted to minimize the 
difference with the experimental data.9,14 The electron-phonon coupling constant of the theoretical 
function was also checked by the integration of the fitted Eliashberg function, and found to agree 
within error with the coupling determined directly form the slope of ReΣ. The calculated Eliashberg 
function and self-energy are shown by the green and dotted black curves, respectively, in Figs. 7.4(f) 
and 7.4(i). Based on the fitting, we find converged energies of 186 meV, 153 meV, and 56 meV. From 
this analysis, we note that the strength of low-energy phonons is significantly stronger in the K-M than 
in the K-Γ direction, in agreement with studies of doped monolayer graphene and Rb-intercalated 
bilayer graphene.8,9 This suggests that the observed low-energy mode may be a universal feature of 
both doped and intercalated graphene.  
The average coupling constant in CsxC8CsC8, λ=0.49, is larger that that of C8RbC8 (λ=0.27),9 and 
similar to that of the superconducting bulk GICs C8K (λ=0.35) and C6Ca (λ=0.53).12 This large 
enhancement of the electron-phonon coupling over monolayer systems is attributed to the increased 
ordering of intercalated atoms, in agreement with our study of C8RbC8 (Refs. 8–10). The increase in 
coupling strength relative to other bilayer graphene intercalation compounds is attributed to the doping 
from the Cs overlayer, which leads to π-band occupancies similar to superconducting stage I bulk GICs. 
Based on the large value λ, superconductivity should exist in highly doped bilayer graphene 
intercalation compounds, assuming that strong electron-phonon coupling at the π* band is the primary 
driving force of superconductivity. Assuming a BCS strong-coupling scenario, we estimate the 





! − (0.62! + 1)! ∗  
Here, Θ~1200 K is the average phonon temperature determined by integration of the fitted Eliashberg 






The screened pseudopotential µ*=0.14 (Ref. 42) is taken from literature, and λ=0.47 is the mean 
electron-phonon coupling. From this, we calculate the TC value of 4.16 K based on electron-phonon 
coupling to the π* bands. As the average electron-phonon coupling may be difficult to predict from the 
measurement of only two points, the transition temperature was also estimated using the data from each 
slice independently. Using this method, the temperature was found to be 1.02 K and 13.8 K, 
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corresponding to coupling in the K-Γ and K-M directions, respectively. While this is a large variation, 
all of these temperatures are larger than the negligible TC predicted for C8RbC8, and also significantly 
larger than the experimental TC of 0.020 K to 0.135 K found in bulk C8Cs. Such large transition 
temperatures are good evidence for the ability of low-dimensional GICs to increase TC values over 
their bulk counterparts. In the future, it may be beneficial to test for the presence of superconductivity 
in intercalated bilayer graphene using low-temperature transport measurements. 
7.6. Conclusion 
We have successfully fabricated Cs-intercalated bilayer graphene on SiC(0001) with an ordered 
Cs overlayer (CsxC8CsC8). Our ARPES experiments reveal the existence of a free-electron-like 
interlayer band at the Γ point similar to bulk GICs and C8RbC8, and in contrast to metal-deposited 
monolayer graphene.1,8,19,20 We observe strong electron-phonon coupling with λ=0.38 and 0.60 
between the K-Γ and K-M directions, respectively. The present result provides strong evidence for the 
universality of anisotropic electron-phonon coupling in both bulk and bilayer GICs. Furthermore, it 
demonstrates the realization of a system which is predicted, based on the McMillian equation, to 
sustain superconductivity at a temperature higher than its bulk counterpart.41,43 Through the analysis of 
the self-energy, we attribute the strong electron-phonon coupling to both an enhancement of the in-
plane graphene phonon and the contribution of low-energy phonon modes. This demonstrates the 
ability of intercalation to supplement carbon phonons through doping, and in particular provides further 
evidence for the amplification of this strength in the presence of strong dopant ordering.9–12 
Additionally, the presence of a pronounced low-energy feature demonstrates the universality of low-
energy phonon modes in doped graphene and GICs.8,20 Based on this work, we believe that 
superconductivity should be possible in highly doped bilayer graphene intercalation compounds.  
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8. Summary of Results 
In this thesis, we have reported on the synthesis and electronic structure of the bilayer graphene 
intercalation compounds C8KC8, C8RbC8, and CsxC8CsC8. These materials occupy an important 
position between two critical groups of materials, graphene and graphite intercalation compounds 
(GICs), acting as the thinnest limit of GICs. Consequently, their study has provided us important 
insight into both the electronic structure of doped graphene and graphite, and the potential to realize 
superconductivity in two-dimensional carbon systems. 
8.1. Electronic Structure Results 
All of the compounds studied exhibited electron doping, which we attribute to charge transfer 
from the metal layers. We observed a rigid band shift in both C8KC8 and C8RbC8, indicating that the 
electronic structure of graphene away from EF is not strongly altered by intercalation.  Near EF, we 
observe significant changes to both the Dirac cone electronic structure and the electronic structure at 
the Γ point, which we attribute to intercalation. 
The Dirac point, the intersection of the π and π* bands at the K point, is altered significantly by 
intercalation. In C8KC8 and C8RbC8, this point is shifted to a binding energy of 1.3 eV and 1.0 eV, 
respectively. This shift is attributed to doping from the metal layer. In CsxC8CsC8, the Dirac point is at 
1.38 eV, which is consistent with increased doping from the presence of the second metallic layer. Two 
distinct differences exist between C8RbC8 and C8KC8, and CsxC8CsC8. Notably, the band gap is larger 
in C8RbC8 (0.36 eV) and C8KC8 (0.4 eV), than in CsxC8CsC8 (0.12 eV). Furthermore, the π* bands in 
CsxC8CsC8 are degenerate, while the π* bands in the other two samples are not. Both this degeneracy 
and the change in band gap can be attributed to the presence of the Cs overlayer. This extra metallic 
layer may act to counteract substrate-related asymmetry, accounting for the effects observed.1,2  
Around the Γ point, we clearly observe increased intensity in C8KC8, as well as a well-defined 
free-electron-like band in the case of C8RbC8 and CsxC8CsC8. This band is consistent with the 
interlayer band predicted in alkali-metal GICs.3 Notably, this band has not been reported by previous 
ARPES studies of alkali-metal GICs.4–6 Its observation here is thus a critical confirmation of existing 
theoretical works. 
The number electrons occupying both the interlayer and π* bands is another important issue for 
GICs. In our study, we find 0.7e- per unit cell at the interlayer band, and 0.3e- at the π* band in C8KC8. 
By contrast, in C8RbC8 we estimate 0.5e- at the interlayer band and 0.4e- at the π* band. It is 
theoretically predicted that charge transfer from the metal-derived interlayer band to the carbon π bands 
should decrease with increasing interlayer spacing.7 Based on this, we predict that the interlayer 
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spacing should be larger in C8RbC8 than in C8KC8, in agreement with the bulk case.5,8 In CsxC8CsC8 
we observe 0.48 e- at the interlayer band, although we expect a larger occupancy based on the large 
ionic radius of Cs.8 This indicates that the addition of the metal overlayer may act to change the 
interlayer spacing of the bilayer. 
In summary, our analysis of the electronic structure provides significant experimental evidence in 
agreement with existing GIC theory.3,7,8 We find an increase in degeneracy and reduction of the band 
gap in intercalated bilayer graphene with a metal overlayer. In addition, we report on the first 
experimental realization of an interlayer band in alkali-metal intercalated graphene. In addition, we find 
a periodic trend of increasing interlayer band occupancy between the similar bilayer intercalation 
compounds C8KC8 and C8RbC8.7,9 
8.2. Electron-Phonon Coupling 
By analyzing the self-energy of the π* bands near EF, we were able to establish the presence of 
strong, anisotropic electron-phonon coupling in both C8RbC8, and CsxC8CsC8. The electron-phonon 
coupling constant varied between λ = 0.16 and λ = 0.38 near the K-Γ direction, and λ = 0.41 and λ = 
0.60 in the K-M direction for C8RbC8 and CsxC8CsC8, respectively. This coupling is much stronger 
than reported in doped monolayer graphene.10–13 We attribute this increase to the enhanced ordering of 
the dopant atoms enabled by intercalation, in agreement with previous work.13–15 The large increase in 
coupling between C8RbC8 and CsxC8CsC8 is attributed to the increase in π band doping. This enhances 
the electronic density of states near EF, creating conditions more favorable to strong electron-phonon 
coupling. 
Coupling was attributed primarily to two phonons. The energy of the first, observed near 170 
meV, is consistent with the energy of the in-plane optical carbon phonon predicted by theory16,17 and 
observed in previous ARPES studies.10–13 We note that it is significantly stronger in our samples that in 
doped monolayer graphene. This indicates, surprisingly, that dopant ordering may have a significant 
effect on coupling to the in-plane carbon phonon.15 A low-energy phonon is also observed near 90 meV 
in C8RbC8, and 55 meV in CsxC8CsC8. Two possible explanations exist for this phonon. First, it 
appears similar to the dopant related phonon reported for monolayer graphene.13 This study finds that 
the phonon energy is dopant-dependent and that it is stronger in the K-M direction, consistent with our 
result. It has also been predicted that the low-energy phonon may be related to the CZ vibration, based 
on its observation at the interlayer band of C6Ca (Ref. 18). As we are unable to measure the interlayer 
band with sufficient confidence in our work, we cannot definitely confirm the origin of the low-energy 
phonon. Its observation in both C8RbC8 and CsxC8CsC8 is still significant however, as it confirms that 
such low-energy phonons may be a universal feature of doped graphene and graphite.  
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8.3. Relation to Graphene Superconductivity 
A variety of studies have predicted surprisingly high temperature superconductivity in doped 
monolayer graphene.19–21 However, experimental work has so far been unable to confirm these 
predictions. Here, we have observed two key features associated with superconductivity in GICs: the 
interlayer band, and strong electron-phonon coupling. 
The occupation of the interlayer band is strongly correlated with superconductivity in bulk 
GICs.7 Subsequently, it has been suggested that this band facilitates superconductivity either by an 
excitonic mechanism,7 or by enhancing electron-phonon coupling to low-energy phonon modes.22,23 In 
this study we have directly confirmed the presence of the interlayer band in C8RbC8 and CsxC8CsC8, 
and found evidence of it in C8KC8. This may indicate that superconductivity is possible in these 
compounds, assuming that it is driven by a similar mechanism as bulk GICs. 
Strong electron-phonon coupling at the π bands has also been suggested to drive 
superconductivity in GICs.24,25 By using the McMillian equation26 in combination with the Eliashberg 
function estimated from experiment, we find a calculated TC of 4mK in C8RbC8, and 4.16 K in 
CsxC8CsC8, although superconductivity was not confirmed in either sample. Based on this, we 
conclude that superconductivity in C8RbC8 may not be possible based on coupling to the π band. 
However, π band superconductivity in CsxC8CsC8 should be possible according to our measured 
electron-phonon coupling λ. This agrees with both experimental and theoretical works which find that 
superconductivity does not emerge in stage II GICs,8,21,27 implying that intercalated bilayer graphene 
may follow a similar rule.21 
8.4. Future Research 
Based on our current results, we propose several avenues for continuing research in GICs and 
intercalated graphene. Firstly, based on the observation of particularly large electron-phonon coupling 
in CsxC8CsC8 we have predicted a calculated transition temperature of 4.16 K. This temperature can be 
achieved in both transport and STM systems, which might allow us to confirm the presence of a 
superconducting transition. However, as the top layer in this sample is a cesium metal layer, it is 
unclear what technical issues regarding trip contact (in the case of transport) or observation of the 
tunneling current (in the case of STM) might exist.  
In addition to further experimentation regarding CsxC8CsC8, we propose further investigation of 
other stage I equivalent GICs, such as KC8KC8 or RbC8RbC8. While our experiments have so far been 
unsuccessful, fabrication of either of these would allow for a more systematic study of the effects of a 
metal overlayer on the electronic structure of intercalated bilayer graphene, as well as a study of 
electron-phonon coupling in similar bilayer systems. Outside of the alkali metal series, LiC6LiC6 also 
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appears to be a promising candidate for future research. Theoretical studies predict a TC of 13.54 K in 
this system, which is achievable using the ultrahigh-resolution ARPES spectrometer at Tohoku 
University.21 In addition, the fabrication of C6LiC6 has already been achieved, which demonstrates the 
feasibility of this experiment.28 
One final target of interest is the study of electron-phonon coupling in either C6CaC6, or 
CaC6CaC6. While superconductivity may not be as readily achievable as in LiC6LiC619,29,30, ARPES 
studies have recently reported that electron-phonon coupling to the low-energy phonons at the 
interlayer band of bulk C6Ca18. As these phonons are predicted to be associated with the CZ 
vibration23,31, both their strength and energy should change depending on the layer stacking. 
Consequently, the comparison of low-energy phonons in bulk and thin-film systems would provide an 
excellent opportunity to investigate the origin of low-energy GIC phonons.  
8.5. Conclusion 
Our study of C8KC8, C8RbC8, and CsxC8CsC8 represents a significant step in understanding the 
electronic structure of graphene intercalation compounds and GICs, as well as electron-phonon 
coupling in doped graphenes. We find electron-phonon coupling much greater than doped monolayer 
graphene in C8RbC8 and CsxC8CsC8, which confirms the importance of intercalation in increasing λ. 
Based on our experiments, we predict that superconductivity may be possible in these two compounds. 
This provides a clear opportunity for continued research in intercalated bilayer graphene, and suggests 
that intercalation and ordering of dopants should be critical to achieve superconductivity in monolayer 
graphene. 
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Appendix A: The Tight-Binding Approximation  
The tight-binding method determines the electronic band structure of a material assuming that the 
band structure can be approximated by a linear combination of one-electron atomic wave functions. 
Calculation of the electronic structure is performed by constructing a Hamiltonian including the wave 
functions scaled by an appropriate constant, which is solved according to the central equation to find 
the energy. As constants cannot be determined independently, tight-binding relies on a fitting to 
experimental data or ab initio models. 
Tight binding model has been demonstrated to be 
quite effective in predicting the electronic structure of 
graphite and graphene, as these materials have fairly 
weak electron-electron interaction. This work uses a 
modified third-nearest-neighbor Slonzcewski-Weiss-
McClure (SWMC) model Hamiltonian. This model is 
well tested, and has been used extensively for past studies 
of graphene and graphite1–4. It includes both the orbital 
coupling and orbital terms, up to the third nearest carbon 
atom. In order to accurately model the bilayer 
intercalation compounds in the present study, the 
traditional graphite Hamiltonian was modified to omit the 
out-of-plane coupling terms, and the basis vectors were 
changed to accurately represent the location of carbon 
atoms in adjacent layers with AA stacking. Additionally, 
extra asymmetry terms were introduced in order to 
simulate the experimentally observed band gap. The 
Hamiltonian and overlap matrices for AA bilayer 
graphene with an asymmetry potential is written: 
ℋ(!) =
!! + ! + !!"!! !!"!! + !!"!! !!!! !!
!!"!!! + !!"!!! !! !− !! + !!"!!! !! !!!!!
!!!!! !! !! !− !! + !!"!!! !!"!!! + !!"!!!
!! !!!! !!"!! + !!"!! !! + ! + !!"!!
 
!(!) =
1 + !!"!! !!"!! + !!"!! 0 0
!!"!!! + !!"!!! 1 + !!"!!! 0 0
0 0 1 + !!"!! !!"!!! + !!"!!!
0 0 !!"!! + !!"!! 1 + !!"!!!
 
Where 
Figure A.1: Illustration of the physical 
meaning of the tight-binding parameters 
for (a) A-B graphite and (b) A-A bilayer 
graphene. 








and σn are the basis vectors for the nth nearest neighbor:  
!! = 0, ! 3 , ! 2 ,− ! 2 3 , − ! 2 ,−! 2 3 !
!! = !, 0 , ! 2 ,− 3! 2 , − ! 2 ,−! 3 2 , −a, 0 ,{−a/2, Sqrt[3]!a/2}, {a/2, Sqrt[3]!a/2} !
!! = [(0,−2! 3), (−!, ! 3), (!, ! 3)] 
The physical interpretation of these parameters is illustrated in Fig. A.1. The energy of the bands 
is determined from the equation: 
ℋ(!)! = !(!)!(!)! 
As the overlap matrix is easily inverted, this can be rewritten and solved as for its eigenvalues as: 
!!! ! ℋ ! ! = !(!)! 
This procedure is performed numerically using the built-in capabilities of either Mathematica or Igor 
Pro.  
Appendix A: The Tight-Binding Approximation 
117 
References 
1 A. Grüneis, C. Attaccalite, L. Wirtz, H. Shiozawa, R. Saito, T. Pichler, and A. Rubio, Phys. Rev. B 78, 
205425 (2008). 
2 J.C. Charlier and X. Gonze, Phys. Rev. B 43, (1991). 
3 J.C. Charlier, J.P. Michenaud, X. Gonze, and J.P. Vigneron, Phys. Rev. B 44, 13237 (1991). 
4 M.S. Dresselhaus and G. Dresselhaus, Adv. Phys. 51, 1 (2002).  
  







First and foremost, I would like to thank Professor Takashi Takahashi for his patient and skillful 
guidance. He has constantly encouraged me to think bigger, work harder, and develop myself as a 
scientist. I am severely indebted to him for all of the help that he has given me. 
 I am also grateful to Associate Professor Takafumi Sato for his careful review and critique of 
my results, and the instruction he has given me ARPES theory. I wish to thank Associate Professor 
Seigo Souma for allowing me an opportunity to work with him as a teaching assistant, and for the 
practical experimental skills he passed to me during that time. I owe a particular debt to Assistant 
Professor Katsuaki Sugawara, for his mentorship in graphene and graphene materials, his helpful 
guidance in my experiments, and his meticulous oversight of my thesis and publications. Thank you to 
Assistant Professor Kosuke Nakayama for his assistance with both ARPES experiments, and Japanese 
paperwork. Assistant Professor Keisuke Fukutani has also been a great help to me in providing 
technical insight into my work with self-energy analysis. 
 I also wish to recognize the students who helped me to learn and grown through my work with 
them. Akari Takayama for her patience in both teaching assistant and ARPES experiments, Kohei 
Kanetani for introducing me to GIC experiments, and Kotaro Umezawa for acting as my tutor. I am 
grateful to the students who have studied with me have supported my research work directly and given 
me a chance grow as a teacher, Toru Takahashi, Eiichi Noguchi, Katsuaki Suzuki, and Norifumi 
Yamamura.  
I also owe my gratitude to all of the professors outside of my lab who have helped to teach me. 
Specifically, I wish to acknowledge Professor Susumu Saito of Tokyo Institute of Technology, and Dr. 
Takashi Koretsune for their helpful instruction and guidance in density functional theory. Professor 
Kazuto Akagi of Tohoku University WPI-AIMR was also invaluable in supporting my density 
functional theory calculations by providing me access to, and technical support in using the systems at 
Tohoku University WPI. 
I would like to acknowledge the efforts all of the physics office, student services office, the office 
for foreign exchange, the science department machine shop, and all the support staff of Tohoku 
University and Tohoku University WPI. Your tireless work behind the scenes keeps the lights on, the 
equipment working, and all of the activities here running smoothly. 
I am grateful to the Japanese Ministry of Education, Culture, Sports, Science and Technology 
(MEXT) and the Japan Student Services Organization (JASSO) for providing me with financial 
support. Thank you also to Tohoku University and Tohoku University WPI for giving me the 
opportunity to work as a teaching assistant and research assistant. This thesis work was partially funded 
by grants from the Japanese Society for the Promotion of Science (JSPS) and MEXT, to whom I wish 
Acknowledgements 
120 
to extend my thanks. My studies would have been impossible without the generosity of all these 
organizations. 
Finally, I would like to personally thank all of the friends and family who have supported me 
throughout my coursework. It’s been a long road, and I couldn’t have made it without you. Thank you 
to my roommates, Nobu Hiro and Kirin Moonen, for keeping me sane. Thank you to my friends at 
TUFSA for all of the great memories. Thank you to the staff and students of Mafu Mafu, for helping 
me to grow as a teacher, and for giving me so much invaluable advice. Last but not least, thank you to 
my fiancé, Sekizawa Miku, my parents, and my brother. I could not have completed this work without 
your unfailing love, optimism, and encouragement. 
 
	
 
!
